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Determination of Dissolved Iron Speciation in the North East Atlantic 
Ocean by Flow Injection Chemiluminescence 
Simon James Ussher 
The knowledge o f iron biogeochemislry is constrained by paucity in the understanding o f its 
uptake, transport and the partitioning o f the element between different phases, redox states and 
coordination sites. The work presented in this thesis describes the optimisation and evaluation of a 
Flow Injection Chemiluminescence (FICL) method for the shipboard determination of dissolved 
Fe(ll) species (< 0.2 ^m) in seawater. This includes results from two ship-board trials and a study 
of the effects of model ligands on iron redox speciation measurements in natural waters. The 
method was also used to determine the distribution of dissolved iron species (< 0.2 \xm) in two 
contrasting study areas in the North East Atlantic Ocean and for a study of aerosol iron dissolution 
in seawater. 
The FI-CL method was evaluated and was found to be robust and sensitive, to have low limits o f 
detection (5-12 pM) and short analysis times 3 min) suitable for the high resolution spatial and 
temporal sampling required for shipboard analysis of Fe(II). A study o f the effects of model ligands 
on Fe(II) determination revealed no conclusive evidence for significant interference from organic 
molecules on the method but Fe(IlI) in the presence of certain organic molecules had the potential 
to cause positive and negative interference in aqueous samples. 
Field survey results obtained for a transect between the Bay of Biscay to the coast of the 
Netherlands, showed enrichment o f dissolved iron (0.7 - 2 nM) on the European continental shelf 
in March 2002. Near the shelf break, the iron enriched shelf waters were separated from low iron 
open ocean surface waters (0.15 - 0.4 nM) by a well-defined mixing gradient. Elevated dissolved 
Fe(II) concentrations (> 100 pM) were observed at the shelf break and during a solar radiation 
maximum in the coastal waters o f the southern North Sea. These features were attributed to the 
dissolution of Fe(II) from anoxic sediments and photoreduction o f iron from dissolved and 
suspended particles, respectively. 
hi the surface waters of the Canary Basin in October 2002, low Fe(n) concentrations that varied 
from below the limit o f detection of the FI-CL method (< 5 pM) to 60 pM were determined. A 
horizontal dissolved iron gradient (O.l - 1.0 nM) inversely related to distance from the North West 
African coast was observed. It was hypothesised that the gradient was caused by the advection of 
enriched coastal and upwelled water, rather than by spatial variation in aerosol deposition. 
Preliminary aerosol iron dissolution experiments demonstrated the significance of the effect of dust 
loading and variation in seawater matrix on iron solubility. 
In conclusion, continental margins were found to be a highly significant source of dFe in both 
study areas and evidence was found that a major portion comes from the reductive dissolution o f 
iron in sediments. However, the flux of iron from shelf waters to the open ocean is likely to be 
dependant on several factors, such as the direction and magnitude of lateral and axial advection and 
the efficiency of scavenging and biological uptake in the surface waters. 
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nmol L'^  
vni 
pM 
VI 
8-HQ 
DMS 
DMG 
P T F E 
Luminol 
UHP water 
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Ultra High Purity water (18.2 MO cm'^) 
High purity, quartz distilled reagents 
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Coastal Atlantic Surface Seawater (certified sea water 
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North Atlantic Surface Seawater (certified sea water N R C C 
Canada) 
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CHAPTER 1 
Marine biogeochemistry of iron 
1.1 Introduction 
The importance o f the role o f iron as a l imit ing micronulrient for primary production in the Wor ld 
Ocean has become increasingly clear fol lowing large-scale in situ iron fertilization experiments in 
high-nutrient, low-chlorophyll ( H N L C ) regions. This has led to intensive international research with 
the aim o f understanding the marine biogeochemistry o f iron and quantifying the spatial distribution 
and transport of the element in the oceans. Recent studies have benefited f rom improved trace metal 
handling protocols and sensitive analytical techniques, but uncertainties remain conceming 
fundamental processes such as redox transfer, solubility, adsorption, biological uptake, and 
remineralization. 
This chapter summarizes our present knowledge of iron biogeochemistry. It begins with a discussion o f 
the effects o f the physicochemical speciation o f iron in seawater f rom a thermodynamic perspective, 
including important topics such as inorganic and organic complexation and redox chemistry. This is 
followed by an overview o f the fluxes of iron to the ocean interface and a description o f iron cycling 
within the open ocean water colunm. Current uncertainties o f i ron biogeochemistry are highlighted and 
suggestions o f future work provided. 
1.2 The significance of iron in the oceans 
A n estimated 40% o f photosynthesis on Earth occurs in aquatic environments and the turnover lime 
for marine plant biomass is nearly three orders o f magnitude faster than that o f terrestrial biomass. 
Hence, the nutrients that regulate primary production in the marine environment have a significant 
effect on the global carbon cycle and consequently play a key role in controlling the world's climate. 
Protein-bound iron complexes act as vital electron mediators for many melabolic processes in l iv ing 
systems. Iron complexes have important functions in intracellular respiration, oxygenic and non-
oxygenic photosynthesis, and the element is further utilized by respiring higher organisms for oxygen 
transport. Within aquatic photosynthetic organisms, iron is found as an essential component in 
pholosynlhetic apparatus (i.e. photosystems (PSI, PSII) and cytochromes) and for ATP s y n t h a s e . I t is 
also required for nitrogen fixation and reduction o f nitrate, nitrite, and sulphate. 
in most oceanic regions, primary production is limited by light and macro-nutrients (i.e. nitrate, 
phosphate, and silicate) but approximately 40% o f the world's surface waters are replete with major 
nutrients. These regions have been named H N L C areas, the most important regions being the 
Southern Ocean, the Equatorial Pacific, and the Subarctic Pacific. 
The observation that neritic waters near these regions often sustained far greater phytoplankton 
communities compared to the nearby open ocean waters led early workers to hypothesize that trace 
elements are essential for phytoplankton growth. For example, Harvey suggested that iron and 
manganese could become growih- l imil ing to phyloplankton, based on experiments thai showed 
increased growth o f diatoms and dinoflagellales after additions o f iron and manganese to Southern 
Ocean seawater that was rich in phosphate and nitrate. Despite these early observations, there were few 
major advances in the knowledge o f the significance o f iron in these areas until the late 1980s when the 
first reliable iron determinations were made in the Pacific Ocean as part o f the V E R T E X programme. 
18-10) -phese measurements were made possible by the sampling and analytical techniques previously 
developed by Bruland el al. 
In addition to the vertical concentration profiles obtained at this time, ship-board experiments using 
iron additions to fresh seawater samples revealed that iron-limited regimes existed in the nutrient-rich, 
upwelling areas o f the Subarctic and Equatorial Pacific. ''^^ Using the same methodology, it was also 
confirmed that there was a definite relationship between ambient iron concentrations and 
phyloplankton growth in the Southern Ocean, when neritic (coastal) and pelagic (open ocean) waters 
were compared. 
In accordance with this, Martin published the Mron Hypothesis' in 1991. This was based on an 
inverse correlation found between carbon dioxide and iron concentrations (inferred from aluminium 
data) in the Vostok ice cores. It was found (hat the trends corresponded wi th glacial and interglacial 
transitions. Martin proposed that an increase o f iron input to H N L C oceanic regions, by means o f 
higher dust loading, could stimulate primary production. Furthermore, it was suggested that this 
phenomenon had the potential to cause intense drawdown o f carbon dioxide, reduce atmospheric 
temperatures, and hence cause significant global climate change. 
The validity o f this hypothesis has since been contested. Models based on global iron data and data 
f rom fertilization experiments estimated that realistic iron forcing could cause a maximum o f - 5 0 % o f 
the C O 2 change expected during glacial-interglacial periods "^*'^' but the remaining change was 
predicted to be due to other mechanisms, such as changes i n ocean circulation and sea-ice extent. In 
addition, examination o f sediment cores in the North Atlantic Ocean indicated that dust deposition 
fluxes in the Northern Hemisphere at the time o f the penultimate deglaciation do not correlate wi th the 
change in C O 2 concentration in the Vostok ice cores. However the aff irmation o f iron-limited 
H N L C areas, combined with the correlations observed in the Vostok ice cores, provide evidence that 
iron distribution is at least potentially an important control for global primary productivity and climate. 
The fact that deck incubation experiments did not represent large-scale biological processes in the 
ocean, along wi th the development o f art if icial conservative tracers (i.e. SFe) led to the instigation o f in 
situ iron fertilization experiments. These have now been conducted in the Equatorial Pacific (e.g. 
IronEx I and IronEx I I " - ' ^ ^ ^ the Southern Ocean (e.g. SOIREE and SOFeX and the Subarctic 
Pacific (e.g. SEEDS showing that primary productivity is iron-limited in these areas. In recent 
years, it has also become apparent that iron may play a vital intermediary role in nutrient cycling in low 
and mid-latitudes due to its involvement in nutrient cycling processes, such as nitrogen fixation. Iron-
l imited growth has been found in coastal upwelling areas l ^ " * " " ' and iron co-i imilal ion has been 
observed in areas such as the Northeast Pacific Ocean and the Northwest Indian Ocean. 
General conclusions about HNLC waters drawn f rom these experiments were: 
1. The long-term fate o f sequestered carbon remains uncertain, i.e. no evidence o f significant 
carbon export to deep waters has been observed. 
2. The efficiency o f iron cycling depends on the conditions and ecology o f the area. 
3. Zooplankton grazers were often quick to respond to increased numbers o f phytoplankton. 
4. Certain phytoplankton species benefited more f rom iron addition (usually large diatoms and 
flagellates). 
There is increasing evidence that the extent o f iron limitation in a given water mass is l ikely to vary 
according to the species o f organisms present in natural assemblages. This variation contributes to the 
increasing complexity o f defining 'nutrient l imitat ion' when discussing marine ecosystems. 
Following the success o f iron fertilization experiments, the possibility o f industrial-scale iron 
fertilization o f the oceans has been discussed as a means o f reducing atmospheric C O 2 concentrations. 
However, a number o f possible ecological effects caused by large-scale iron fertilization have been 
predicted, such as denitrification and nitrate reduction, production o f climate changing gases, and 
anoxia. Furthermore, although C O 2 drawdown has been observed in many o f the iron fertilization 
studies mentioned above, there is at present no conclusive evidence that fertilization increases carbon 
burial fluxes over long timescales. 
Recent attempts to implement international emission targets (such as the Kyoto Agreement) have 
created the potential for an industry based on the reduction o f greenhouse gases. This controversial 
industry would allow emission targets to be exceeded by a counUy i f it could prove that the excess 
gases, such as COz, were actively being removed f rom the atmosphere. Due to this, certain 
organizations, which have foreseen the economic gain from ocean fertilization, have been requesting 
authorization to begin regular large-scale fertilization even though there is no proof that 
fertilization w i l l cause long-term drawdown o f C O 2 - The possibility o f industrial-scale ocean 
fertilization has initiated considerable response from the scientific community, including public 
wamings o f the unknown ecological effects and protests against countries assuming the right to 'use 
the world's oceans to resolve its domestic problems'. '^ **' 
Clearly, the study o f iron and macronutrients in marine biogeochemical cycles has become o f great 
scientific, ecological, and political significance, h follows that to improve our understanding o f 
important issues, such as the physicochemical transformations o f iron occurring in seawater and the 
large-scale biological feedback mechanisms that may influence global climate, a detailed knowledge o f 
iron biogeochemistry, transport, and distribution is required. 
1.3 Iron speciation in seawater 
1.3.1 The crystal abundance of i r o n 
Iron is the fourth most abundant element i n the Earth's crust, exceeded only by oxygen, silicon, and 
aluminium. Its high relative abundance o f 5.6% '"^ ^^  in the Earth's crust can be attributed to the highly 
stable ^^Fe nucleus. This is the largest nucleus formed exothermically by nuclear fission during 
planetary formation and is known to have the highest nuclear binding energy per nucleon o f all nuclei. 
Iron has six known isotopes, f rom ^*Fe to ^^Fe, The percentage abundances o f the more common 
isotopes **Fe, "Fe, and "Fe are 5.82, 91.66, and 2.19% respectively, resulting in a relative atomic mass 
o f 55.847 amu. Due to its high crustal abundance, iron compounds make up a large proportion o f 
the Earth's rocks and soils. Iron forms salts with most inorganic anions in the solid phase but exists 
predominantly as oxides and carbonates, stabilized by their negative Gibbs free energies o f formation 
(Fig. 1.1). 
The most commonly occuring compounds in iron ores are haemetite (Fe203), magnetite (Fe304), 
limonite (2Fe203-3H20), siderite (FeCOj), and pyrite (FeSz). ™ Due to the high stability of these 
compounds, efficient separation of iron from its ores requires highly energetic and strongly reducing 
conditions. Further still, it goes some way in explaining why, despite being ubiquitous in the Earth's 
crust, iron is found at trace concentrations within many aqueous environments. 
Figure 1.1. Gibbs free energies of fomiation ( -AGI ) for common inorganic iron compounds. Plotted using 
tabulated values from Stumm and Morgan.'^' 
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The physicochemical speciation o f iron in seawater is dependent on the heterogeneous equilibrium 
between various particulate and dissolved phases (see Fig. 1.2). The concentration o f iron in the solid 
and particulate phases is therefore dependent on the rate o f each process and the composition o f the 
seawater. These processes are further complicated by the existence o f redox transitions between the 
ferric and the more soluble ferrous forms. 
In order to understand the processes that control iron marine biogeochemistry, the species that are 
investigated must be cleariy defined. Size fractionation is particularly important due to the broad 
variety o f iron species that are thought to exist in seawater, including colloidal phases and 
macromolecules. Historically, dissolved iron has been defined as iron which passes through a 0.4 )im 
pore size filters and the recent development o f ultra-filtration techniques allows improved 
characterization o f different size fractions. ''*'^ '*'' 
Figure 1.2. Phase transfers of iron and related processes in seawater. 
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1.3.2 Dissolved inorganic i ron speciation 
Under most natural conditions, iron is found in the +2 and +3 oxidation states and forms salts v^th the 
majority o f common anions. In aerated aqueous solutions at circum-neutral pH the hexa-aqua iron(ll l) 
cation becomes hydrolyzed, followed by the formation o f polynuclear oxy-hydoxides. As a result, 
when the pH o f an acidic solution is increased the solubility o f the ions decreases, reaching a minimum 
at around pH 8. A solubility value o f - 1 0 " " M has been reported for 0.7 M NaCl solutions (pH 8.1, 
25°C) where soluble iron was defined as that which passed through a 0.02 ^ m filler. The solubility 
o f iron(ll) far exceeds thai o f iron(ll l) . Under anoxic conditions, iron(ll) is oflen found at mill imolar 
concentrations but in air-saturated solutions and at high pH (> 5) it becomes unstable and oxidizes 
rapidly. 
Figure 1.3. Inorganic speciation model of dissolved Fe(iii) species In seawater. Calculated using the hydrolysis 
stability constants of Liu and Millero'"^ measured in seawater and the chloride stability constants of Millero et a!.''**' 
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The dissolved inorganic speciation o f iron in seawater can be estimated using experimentally 
determined equilibrium constants (conditional stability constants), found for the most common 
inorganic iron species in seawaier. The speciation diagrams (Figs 1.3 and 1.4) show the 
calculated proportions o f inorganic iron(lll) and iron(II) species in seawater at 2 5 ° C ; recently reported 
hydrolysis constants were used. 
Figure 1.4. Inorganic speciation model of dissolved Fe(ii) species in seawater. Calculated using the hydrolysis 
stability constants of Millero et al . '" ' measured in seawater. Dissolved inorganic carbon modelled as an open 
system in equilibrium with the atmosphere under ambient conditions. 
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A n ambient seawater chloride concentration (0.55 M ) was used in the iron(l l l) model (Fig. 1.3) to 
represent an example o f one o f the simple anions that exist at high concentrations in seawater and 
associate with iron(in)- A t low pH, sulphate and fluoride behave in a similar manner. The most 
important trend to note is that the hydrolysis species are predicted to dominate when the pH value o f 
the solution is greater than 4. This is due to the increase in activity o f hydroxide anions at higher pH 
and the strong a f f in i ty o f iron(ll l) for charged oxygen species as ligands. 
Iron(ll) behaves very differently, having relatively weak associations at pH values less than 7. A t 
higher pH, inorganic complexation occurs when carbonate and hydroxy anions are more abundant. 
Interestingly, the solubility o f iron(ll) is predicted to be dependant on whether the seawater is in 
equilibrium with the atmosphere due to the formation o f the insoluble FeCOs (siderite) species. Fig. 1.4 
shows an open system in which there is considered to be continuous C O 2 exchange. 
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1.3.3 Dissolved organic i ron complexes in sea>vater 
Iron(III) has been found to be > 99% complexed by strong organic ligands in seawater, even in 
intermediate and deep waters, ''*^"*"' and two classes o f strong iron-binding ligands ( L | , L2) have been 
characterized and determined in open ocean seawaters. The complexing abili ty o f iron-binding ligands 
is measured under ambient conditions and is expressed using conditional stability constants A T ^ ^ V L 
from the equilibrium o f Eqn (1.1): 
A recent study o f iron binding ligand stability constants in seawater summarized constants for al l 
classes o f ligands obtained in nine difTerent oceanic regions. The overall mean (±\o) \ogK^^^^^ for 
all the data reported was 21.4 ±1 .5 and the range o f ligand concentrations [ L ] was 0.31-39.2 n M . A l l 
workers used similar methodologies; therefore it can be assumed that these values are representative 
iron-binding ligands in most oceanic regions. The consistency o f these values with other 
thermodynamic data can be validated with (he inorganic i ron speciation model (e.g. Fig. 1.3). For 
example, i f a theoretical ligand concentration [ L i ] o f 1 n M and the mean reported value o f logAT^^^^ 
(shown above) are used, 99.8% o f the total iron(IIl) is predicted to be bound by organic ligands at pH 
8.0, similar to that observed in seawater samples (> 99%). Therefore the presence o f strong organic 
chelation has a significant effect on the speciation and solubility o f iron in seawater. 
Evidence that organic complexation increases iron solubility in seawater has been reported for 0.7 M 
NaCI solutions after the addition o f humic acid and EDTA ^^ ^^  and for seawater exposed to ultraviolet 
( U V ) light. Furthermore, Kuma et al. found that the solubility o f iron i n oceanic water exposed to 
U V for 3 h was reduced by one order o f magnitude. A comparison o f the effect o f U V treatment on 
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coastal and open ocean waters as well as surface waters and deep waters was also described. The 
results indicate that although the binding constants o f strong organic iron ligands are similar, some are 
more resistant to U V radiation.*"^'^' 
1.3.4 Dissolved i ron complexation and redox transitions 
The chemistry of the ferrous and ferric cations is extensive and a broad range o f stereochemistries have 
been observed for natural and synthesized iron([l) and (III) complexes wi th coordination numbers from 
four to ten.'^^' Iron(H) and (III) cations share similar characteristics but the effect o f the difference o f a 
single electron on the chemistry o f both cations is considerable (i.e. difference in d* and d*" 
configurations). One example is the effect on the size o f their ionic nuclei; iron(II) has reported ionic 
radii o f 0.75-1.06 A whereas iron(ni) is 0.63-0.92 A. Furthermore, the differences in their aqueous 
chemistry are best explained in terms o f the free energies o f the cations themselves and the ligand field 
stabilization energies (LFSE) o f their bonding orbitals. 
Wi th a few exceptions (such as distorted complexes found with some stronger ligands) both cations are 
most often found in high- and low-spin octahedral stales. The importance o f the variation in LFSE 
should be emphasized as it can be used to explain the stability o f oxidation states in different ligand 
fields. This is particularly true when comparing high- and low-spin compounds. For example, iron(n) 
in a high-spin state has a relative LFSE o f A° = 2/5, whereas in a low spin state it has a LFSE o f A " = 
12/5, therefore gaining considerable stability in higher ligand fields where the effect o f spin-pairing 
energy becomes less significant. 
Iron(ll l) retains a high-spin, octahedral configuration in most o f its complexes except with ligands that 
are high in the spectrochemical series. The high LFSE generated when bonding with ligands o f this 
kind can cause spin-pairing in the iig orbitals (e.g. with bipyridyl and cyanide anions). Iron(l l l) is a 
hard metal ion, acidic in nature, and forms its strongest complexes with O, N , and F donor ligands, 
particularly when they are negatively charged. Most iron(l l l) complexes absorb photons in the U V end 
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o f the spectrum and are often colourless due to the spin-forbidden nature o f the d -d transitions. Iron(lll) 
also forms strong chelates and a large variety o f cluster compounds either with other iron(ll l) atoms or 
other transition metals directly or through oxo and hydroxo bridges. 
Iron{ll) is a borderline metal ion, between hard and soft cations, and forms complexes that are oAen 
coloured. It therefore gains stability in complexation with both soft bases, such as P or S ligands, as 
well as the stronger electron-pair donating ligands that bind strongly with iron(m). Similar to iron(l l l ) , 
iron(H) is most commonly found in the high-spin state but forms fewer complexes with O-donor 
ligands. Iron(ll) gains the greatest LFSE in low-spin octahedral complexes wi th strong Ti-acceptor 
ligands such as cyanide and 1,10-phenanthroline. 
T o understand the redox equilibrium between aqueous inorganic iron species in seawaier, both redox 
stales must be considered with varying pH and electron activity (pE). Oxic inorganic solutions at 
seawater pH, are predicted to contain negligible iron(ll) concentrations at equilibrium. '^ ''^  However, 
due to the high percentage o f organically complexed iron species in seawater, the dissolved iron redox 
speciation may not be controlled by the pH-dependant equilibria o f free hydrolysis species but by the 
effect o f pH and pE on the organic complexes formed in seawater. This type o f thermodynamic control 
would mean that the iron redox speciation in seawater is dependant on the physicochemical properties 
o f the organic complexes present. 
The reduction potentials o f individual iron complexes can be used to estimate the equilibrium ratio o f 
iron(ll) and ( i l l ) species under different conditions. Complexes wi th high reduction potentials w i l l 
favour iron(li) whereas those wi th low reduction potentials w i l l favour iron(in) (see Fig. 1.5). The 
redox speciation o f individual iron species under oxic conditions can be calculated using Eqn (1.2): 
. fFe(ii) 
P E o , . . o = p E p , „ v P e < . , - I o g J ^ (1.2) 
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Where pEoz/iuo is the pE of the water and oxygen couple and pE°Fe(ii)/Fc(iii) is the standard reduction 
potential o f defined Fe(Il) and Fe(III) complexes. Using equation 1.2 and a pE range for oxic seawater 
of between 13-14.5, (assuming pH 7.6-8.1 and temperature 2-15 ° C , see section 5.4), the standard 
reduction potential ( E M ° ) required to give an equilibrium ratio o f 0.0i for [Fe(l l)] /[Fe(l l l)] in seawater 
would be greater than 0.65 V , which is higher than the reduction potentials o f most natural iron-
binding chelates (e.g Fig. 1. 5). 
Figure 1.5, Standard redox potentials of well-known iron complexes and redox buffering reactions that occur in 
oxic waters. 
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Indeed, recent thermodynamic data have shown that a large proportion o f naturally occurring strong 
iron-binding ligands (such as porphyrins and siderophore-iron complexes) have reduction potentials 
that are significantly lower than 0.65 V and are unlikely to stabilize iron in the ferrous form in 
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oxygenated seawater. However many o f these complexes are more reactive and soluble than the 
inorganic hydrolysis species, and therefore may be reduced by processes such as Haber-Weiss cycling 
and phoioreduction, hence kinetic models are often adopted to estimate iron redox speciation. 
1.3.5 The kinetics o f i r o n ( l l ) oxidation 
The kinetics o f oxidation o f iron(ll) have been investigated in natural and artificial seawaters. 
Millero and coworkers confirmed that oxidation rate constants have a positive relationship with pH 
and temperature, and all workers have found the pseudo-first-order half- l ife o f iron(Il) in natural and 
artificial seawaler at ambient conditions (pH 8, 25°C) to be in the order o f minutes (see Table I . I ) . 
The oxidation o f iron(ll) is reported to proceed predominantly according to the Haber-Weiss 
mechanism. 
Fe(ll) + O2 — ^ Fe(III) + O2'" step I 
Fe(ll) + O2'" + 2H^ — ^ Fe(lll) + H2O2 step 2 
Fe(ll) + H2O2 — ^ Fe(!N) + HO"' + O H " step 3 
Fe(JI) + HO*" — ^ Fe(lll) + O H " step 4 
for which Eqn (1.3) expresses the rate equation for a solution o f defined pH, temperature, and salinity: 
d [ F e ( I I ) ] (1.3) 
= 2 ^ ; [ 0 2 ] [ F e ( n ) ] + 2 ^ , [ H 2 0 2 ] [ F e ( I I ) ] 
dt 
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The Haber-Weiss mechanism illustrates the importance of dissolved oxygen and hydrogen peroxide on 
iron(II) oxidation rates. Other inorganic side reactions, such as those of superoxide and redox-aclive 
transition metals (e.g. copper), have also been shown to be important but the most significant rate-
determining step in the oxidation mechanism remains the reaction of inorganic and organically 
complexed iron wi th molecular oxygen. 
Table 1.1 Reported half-lives for Iron(ii) oxidation in natural and artificial seawater at 25''C 
Medium pH Uf2 [min] Ref. 
North Sea Seawater 8.0 1.5 [60] 
Gulf Stream Seawater 8.0 1.2 [61] 
Australia (NSW), Coastal Water 8.09 3.5 [63] 
0.7 M NaCI 7.83 -1 [65] 
The relationship between the speciation o f iron(n) and its oxidation rate has gained considerable 
attention. King et al. and Mil lero et al.'^' " ' have described the effects o f inorganic speciation, 
focussing mainly on the common inorganic iron complexes in seawater. Results show that species such 
as F e C r alter the oxidation rate but the most striking observation was the increase in the rate for 
carbonate and hydroxy species, which form a significant fraction o f the inorganic ferrous species at 
higher pH (> 7). Similar to the thermodynamic treatment above, an estimation o f whether a complexed 
ligand wi l l decrease or increase the oxidation rate o f iron(n) can be estimated by comparing the 
equilibrium constants, AGp values, or reduction potentials o f the iron(ll) and (III) species. 
In accordance with this, organic ligands have been found to both stabilize and promote the oxidation o f 
iron(II). Generally, oxygen ligands that form highly stable iron(l l l ) complexes (e.g. E D T A , N T A , citric 
acid, desferrioxamine) are found to increase the rate o f iron(ll) oxidation whereas nitrogen or sulphur 
ligands inhibit it. A t circum-neutral p H , organic compounds commonly found f rom biological decay 
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have been seen to retard the oxidation o f iron(ll) for up to several days.'*^'*" A smdy o f the effects o f 
some common amino acids on iron(ll) oxidation at pH 6-8, revealed cysteine to be among these 
compounds,"'^ whereas naturally occurring strong iron-binding ligands such as fulvic acid and oxalate 
have shown an accelerating effect . ' " " ' 
1.3.6 Reduction o r i r o n ( l l l ) in seawater 
Despite thennodynamic redox specialion calculations predicting negligible concentrations o f iron(ll) , 
the dynamic and variable chemistry o f seawaier means thai this is not always the case. 
Physicochemical reduction processes of iron in seawaier have been observed to cause significant 
pseudo-steady-state concentrations o f Fe(II) to persist under namral oxic conditions. 
The most studied physicochemical process o f iron(ll) production in surface seawater is photoreduction. 
This occurs when U V irradiation causes direct and indirect photoreduction o f colloidal and dissolved 
ferric species. Indirect photoreduciion results f r o m the reaction o f i ron(i i l ) w i t h reducing species 
produced during irradiation, whereas direct pholoreduction refers to ligand-melal charge transfer 
( L M C T ) reactions caused by photon absorption by iron complexes. Direct photoreduciion is known to 
reduce the monohydroxide ferric species ™ and a number o f organically complexed dissolved species 
via L M C T reactions (see ref. and references therein), including certain siderophore chelates. 
Reduction o f iron complexes is important in surface seawater as most o f the dissolved i ron is 
organically complexed, and reductive dissociation in the presence o f phytoplankton may provide a 
source o f bioavailable iron to phytoplankton. * ^ ' ' ' In addition, several studies have shown the 
importance o f the pholoreduction o f colloidal iron in seawaier ' " " ^ ^ ' l although the nature o f the colloids 
that promote pholoreduction in seawater is unknown. 
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Diel variations o f subnanomolar (0.1-1 n M ) concentrations o f iron(il) i n naturally irradiated coastal 
water have been observed. However, according to the model formulated by Johnson el al.,^^°' photo-
produced concentrations o f iron(ll) in fu l ly irradiated surface waters o f open ocean gyres are l ikely to 
be in the picomolar range or less (assuming dFe concentrations) are -0.15 n M , which is typical in the 
Equatorial Pacific). 
Biomediated reduction is another process that can generate iron(ll) in seawaier, although it is unlikely 
to be as efficient as photoreduction in surface waters. The bioreduction o f ferric species is a well-
known phenomenon o f subsurface bacteria found in terrestrial and marine sediments. Laboratory 
studies using cultured bacterial strains (e.g. Shewanelia putrefaciens and S. alga '^'*') have shown 
significant reduction rates o f ferric colloids under anaerobic conditions. In addition, recent evidence o f 
cell surface reduction has been found for several species o f marine phytoplanklon (see below) and the 
chemical reduction o f iron by natural organic matter ( N O M ) has also been observed at pH 3-6, in the 
absence and presence o f light and in the presence o f bacteria. Further laboratory and in situ 
studies are required to confirm whether or not the chemical and biomediated processes mentioned 
above produce iron(ll) at rates that are rapid enough to maintain significant steady-state concentrations 
o f iron(ll) in oxic seawater. 
1.4 Iron inputs to the oceans 
Iron is transported to the ocean via three major pathways: fluvial (riverine) input, atmospheric 
deposition, and processes occurring on the sea floor such as hydrothermal venting, sediment 
resuspension, and diagenesis (see Fig. 1.6). 
To be transported by any o f these pathways, iron must firstly become mobilized from the lithosphere 
by either mechanical action (i.e. erosion) or by thermal and chemical reactions (i.e. leaching, anoxia, or 
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geothermal activity). Once in a mobile phase, many physicochemical processes can occur, altering 
properties such as solubility and chemical speciation, between the source-ocean interface. Further 
understanding o f the global iron cycle w i l l be gained by determining fluxes o f iron to/in the water 
column o f the open ocean and by assessing its transport in marine ecosystems. 
Figure 1.6. Global iron transport. Ambient concentrations of dissolved Iron (dFe) and particulate iron (Fe) are in 
white boxes, and approximate annual fluxes are shown in black and white arrows. Approximate values are 
deduced from refs [86-90.94-96]. Riverine flux is estimated on the basis of 90% loss from estuarine mixing. 
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1.4.1 Fluvia l inputs 
Fluvial inputs transport iron to the coastal zone, fo l lowing mobilization f r o m soils and rocks. 
Particulate and dissolved iron concentrations in rivers are typically in the order o f 1 m M and 1 ^iM 
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respectively (the estimated global mean for dFe in major rivers is 0.7 | A M '^^ ') . Upon mixing with 
seawater, the speciation o f dissolved and particulate iron are greatly altered and both species are 
scavenged when flocculation occurs within the salinity/pH gradient. ''°"^^1 Estuarine mixing reduces the 
global dissolved iron flux to the ocean by about 70-95%. Rivers and land run-of f are estimated to 
deliver approximately half o f the surface global iron input to ihe oceans (see Fig. 1.6), despite a high 
percentage o f mobilized iron being lost in estuaries. Riverine inputs of iron to the oceans are extremely 
variable and dominated by occasional flood events. Although this pathway is l ikely to provide the main 
source o f bioavailable iron to many coastal and shelf waters, it remains unknown what proportion o f 
suspended/soluble iron originating fi-om land run-off is transported to open ocean gyres. 
1.4.2 Atmospheric inputs 
The importance o f the transport o f atmospheric iron to the ocean surface is high. Firstly, because it 
accounts for a major portion o f the global iron input to ihe W o r l d Ocean (see Fig. 1.6) bul also because 
this pathway is considered the principle source o f soluble and bioavailable iron to remote open ocean 
surface waters, often thousands o f miles f rom the aerosol origin. The majority o f aeolian iron 
received by the ocean arrives via wind-transported dust originating f rom arid and semi-arid 
landmasses, important areas being North Africa, the Asian deserts, and the Middle East. Due to their 
dependence on meteorological events, rates o f dust production and wet/dry deposition to the ocean are 
sporadic. 
Approximate models for global and regional aerosol iron fluxes have been calculated using available 
field data. These demonstrate the magnitude o f dust flux to the ocean and the large-scale regional 
effects o f the aforementioned arid areas. The overall annual dust flux to the oceans using the data 
compiled by Duce el al. has been estimated to be in the region o f 500x10'^ g yr~'. The atmospheric 
flux o f iron to surface waters and its oceanic residence l ime depend on several factors, the most 
important being the percentage iron content o f the mineral aerosols (for crustal aerosols this is usually 
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assumed to be its abundance in soils and rocks, about 3.5%) and the soluble percentage o f iron 
aerosols. 
m 
At present, a representative global average for the fraction o f soluble iron (i.e. < 0.2 or < 0.45 ^ m 
filtered) f rom aerosols has not been reported, although a value o f 2% was used for a recent global 
biogeochemical model. Laboratory protocols (i.e. leaching conditions) used for dissolution 
experiments are often different, making results d i f f icul t to compare. However, there are trends seen in 
the data such as the apparent lower solubility o f crustal aerosols in comparison wi th marine and 
anthropogenic aerosols (see Table 1.2). 
Table 1.2. Percentage soluble iron in collected aerosols 
Percentage solubility [%] Dissolution medium Aerosol Ref. 
Marine aerosols 
5-50 Seawater, pH 8.11 Central Pacific Islands 
marine aerosols 
[97] 
-10 Seawater, pH 5.4-8 Nova Scotia, Canada 
marine aerosols 
Crustal origin 
[113]* 
-0.05 Water. pH 3.8-5.3 Capo Verdi, North East 
Atlantic (Sahara, Niger) 
[114] 
-0.4 Seawater. pH 8.11 Saharan soil, small grain 
size 
[98] 
< 0.013-0.2 Water. pH 8 Laboratory acid-cycled 
Saharan dust 
(115] 
• Firet to recogaise the significance atmospheric iron input 
Particulate loading is known to affect iron solubility in seawater. Leaching experiments using marine 
aerosols in North Pacific surface water gave saturation concentrations o f 10-17 n M (dFe). More 
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recently, supporting evidence for this phenomenon was an observed relationship between dust 
concentration and percentage iron solubility for Saharan dust dissolution in Mediterranean surface 
water. '^ ^^  The authors o f this study reported higher solubilities for lower dust inputs and by modelling 
the relationship they were able to estimate iron solubility for the low ambient dusi concentrations in 
their study area. 
The solubility o f iron in wet precipitation collected f rom different study areas (mean values o f each 
data set) varies within the range o f 5-50% (see Table 1.3). Aerosol iron solubility is dependent on dust 
composition, meteorological phenomena, and the degree o f cloud processing that the aerosol 
undergoes. Considerable differences have been seen between trace metal enrichment for aerosols o f 
cruslal and anthropogenic origin, and simulated atmospheric conditions have been observed to 
cause chemical and photoinduced dissolution o f aerosol iron. 
Table 1.3. Percentage soluble iron in collected precipitation 
Percentage sotubllity (%]* Medium Location of precipitation Ref. 
9.6 Rainwater, pH 3-8 Erdemli, Turkey [1161 
26 Rainwater Wilmington, USA [100] 
37.8 Rainwater Dunedin, New Zealand [108] 
41 Snow Eastern Antarctica [117] 
'Results are averages of several measurements 
Redox speciation changes during the lifetime o f wet and dry aerosols are known to enhance iron 
solubility. This is due to the high solubility o f iron(Il) compared to iron(l l l ) and the subsequent 
oxidation o f iron(II) to more labile amorphous species on the surface o f aerosols. A t 
cloud/rainwater pH values, chemical- or photoproduced iron(ll) has been observed to have a half- l ife in 
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the order of hours to days, and it has been postulated that iron(l[) in aerosols is stabilized by organic 
complexation, *'°^ '° l^ although little evidence has been reported to confi rm this. However, there is 
increasing evidence that a major portion of dissolved iron in rainwater is organically complexed with 
ligands such as oxalate. 
Tablel. 4. Redox speciation of iron in collected precipitation 
Percentage Fe(ii) in 
dissolved Fe fraction [%] 
Medium Details of precipitation Ref. 
24* Rainwater Coastal: Dunedin. New Zealand [1081 
60* Rainwater Coastal: Wilmington, USA [100] 
25-55 Rainwater Coastal; Boston, USA [118] 
25-74 Snow [118] 
2-55 Fog, pH 2.2-7.1 Coastal and inland: Los Angeles, [109] 
Bakersfield, and Delaware Bay, USA 
*resulis averages of several measurement 
Due to scavenging, total iron concentrations in wet deposition can be relatively high and are usually 
between 5-1500 n M (see ref. and references therein). Reported iron(l l ) percentages o f the 
dissolved iron in precipitation also show high variability (see Table 1.4). The broad range o f iron(II) 
fractions can be explained in terms o f the variables discussed above for total iron dissolution (i.e. 
aerosol origin, cloud processing). In addition, there is strong proof that iron photoreduction in 
atmospheric water is closely related to light-induced diurnal cycling, including the redox cycling o f 
other species such as copper, acetate, oxalate, sulphur (IV)/(V1), and hydrogen peroxide, ('^.itw-mi 
reactions with sulfur are considered particularly important due to the linlc wi th dimethyl sulphide 
(DMS) production as a potential feedback mechanism for atmospheric exchange with phytoplanlcton. 
(112) 
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1.4.3 llydrothermal inputs 
In the past few decades, high- and low-temperature hydrothermal systems have been identified at 
spreading centres o f mid-ocean ridges. The physicochemical effects o f these sources are localized (e.g. 
high temperatures, low pH, enrichment and depletion o f difTerent elements) but seawater endmembers 
produced by these systems are known to have very high iron concentrations, i n the region o f I m M . 
[119-120) 
The global Hux o f dissolved iron f rom hydrothermal activity is estimated to be in the region o f 1 -
lO^lO'^ g y r ' ' . This indicates that this pathway is potentially the largest supplier o f dFe to deep waters. 
Nevertheless, it should be noted that sediments in the vicini ty o f hydrothermal areas have been found 
to be highly enriched in iron, suggesting that the a high percentage o f the dFe precipitates and therefore 
is not transported away f rom these areas. 
1.4.4 Sediment inputs 
Within marine sediments, iron is generally found to have an abundance o f 1-20% (by weight) wi th the 
highest enrichment found near hydrothermal areas and ferromanganese nodules. The upper 
sediments o f coastal, shelf and open ocean regions are oflen found to be areas o f high chemical activity 
where early diagenesis occurs, causing the oxidation o f organic matter and, consequently, the 
utilization o f oxidants. The resulting chemical and biologically mediated conditions mean that most 
particulate iron species are potentially reducible and therefore can be reintroduced into the overlying 
waters in a more bioavailable form. ''^'^ Recent studies have shown that even highly refractory iron 
species are reducible by certain bacteria. 
As a result o f these redox reactions, solubilized iron(l l ) is of len found to accumulate i n marine 
sediments and pore waters under anoxic conditions, of len at micromolar concentrations. A n example o f 
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this was seen over the tan-green colour change in pelagic sediment cores collected f rom the Peru Basin, 
which contained iron(ll) at 10-40% o f the total iron content. However, on account o f the rapid 
oxidation of iron(ll) in oxic seawaler, it is unlikely to be released into the overlying waters in an 
inorganic form unless the bottom water is anoxic or there is only a short oxygen penetration depth. 
Hence dissolved iron(II) and iron(ll l) inputs f rom sediments are only expected to be important in anoxic 
areas, in areas where there is significant turbidity or pressure, or i f there is a gradual release o f iron in a 
chemically stabilized form (e.g. organically complexed). 
1.5 Iron cycling in the oceans 
1.5.1 Vert ical d is t r ibut ion 
The vertical distribution o f iron is controlled by variation in biogeochemical and physical processes 
occurring throughout the water column. Covariance between dFe and nutrient concentrations have been 
observed by some workers (e.g. Martin et al. ^'^') suggesting the occurrence o f a nutrient type 
mechanism caused by biological uptake in near surface waters and regeneration at depth in oxygen 
depleted waters. However, due to the low solubility o f iron and its a f f in i ty for particles it is also 
scavenged efficiently by sinking lithogenic particles and detritus. Hence vertical differences in 
concentration are also likely to be related to variation in particle flux and the physicochemical 
properties o f the water column. 
In open ocean H N L C waters, depleted dFe concentrations o f less than 0.3 n M often exist in surface 
waters, increasing to 0.4-1.5 nM below 500 m depth. Whereas surface and intermediate waters o f areas 
that receive lateral inputs f rom continental margins or high atmospheric iron fluxes, often contain 
higher and more variable iron concentrations (e.g. see Fig. 1.7). 
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Interestingly, similar deep water dissolved iron concentrations have been reported for a number o f 
ocean basins (average concentration o f 0.76 n M , n = 30) and these show little inter-ocean fractionation. 
''^''^ This phenomenon is surprising, considering the variability i n iron sources and a relatively short 
residence time in deep waters ( -70-200 yr). The consistent solubility observed may be controlled by 
either equilibrium between dissolved and suspended particulate and/or by the association o f iron wi th 
strong organic ligands (see above). A model fitted to global datasets has been reported and supports the 
latter hypothesis, but for it to be valid the complexation reactions must be rapid (> 10"* M~* s"') 
and the dissociation slow (< 10"^ M ' ' s"'). Further open ocean studies are required to validate this 
hypothesis, and hence steady-state control o f dissolved iron by association and dissociation o f 
dissolved iron f rom particles should not be disregarded as an important mechanism for controlling iron 
solubility in deep waters. 
Figure 1.7. dFe profiles from the North-East Atlantic Ocean (IRONAGES Cruises II and III. 2002). 
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Iron transport in the upper water column is far more dynamic due to intensified biological activity and 
mixing processes and the estimated residence times for iron reflect this. For example, residence 
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times for dissolved and particulate iron in the upper 100 m o f the Sargasso Sea have been calculated to 
be about 250 and 18 days, respectively. 
The recent global model o f Moore et al. indicates that the main processes exporting dissolved iron 
from the mixed layer in the open ocean to be entrainment and sinking detritus, whereas the main inputs 
are entrainment and atmospheric deposition, although it should be noted that regional processes such as 
upwelling are highly significant in certain areas. Within the euphotic zone, iron is also cycled wi thin 
the biological pool. This has a significant effect on iron transport through the upper water column, and 
rates o f iron uptake by marine organisms and remineralization are estimated to be o f the same order as 
the input and export fluxes, where surface mixed layer global fluxes are in the order o f lO'^ g(Fe) yr"' 
( = 2 x l O ' ° m o l ( F e ) y r ' ' ) . 
1.5.2 I ron uptake by marine organisms 
Marine microorganisms acquire iron by either ion membrane transporters or siderophore systems. 
Siderophore systems have been observed for terrestrial bacteria and ftingi and, more recently, for 
marine bacteria. They function by the excretion o f low molecular weight (300-1000 Da) iron chelators, 
often found to have hydroxamate or catecholate functional groups, which selectively bind iron(l l l) and 
are then transported back into cells via chelate specific transport proteins. Siderophore production is 
known to be used as an iron uptake mechanism for heterotrophic and cyano bacteria but at present 
there is no conclusive proof that these systems are used by eukaryotic marine phytoplanklon although 
they have been observed to utilize siderophore-bound iron, l ' - * " '^' ' 
There is growing evidence that siderophore compounds excreted by marine bacteria form a major 
component o f the strong iron-binding ligand pool. For example, production o f two classes o f ligands 
( L | , L2) were observed during the IronEx I I mesoscale iron enrichment experiment fo l lowing iron 
addition. These had conditional stability constants in the order o f A"Fe U L = lO'^ M ' ' and l O " M~\ 
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respectively (where the constant is calculated for all inorganic iron (Fe ) rather than free Fe^^. The 
binding constants o f these ligands were similar to the binding constants o f catecholate and 
hydroxamate marine siderophores produced by laboratory cultures and low molecular weight ligands 
extracted from coastal seawater (KF^ UFC = I0"^-10'^-^ M~ ' " " " ' " I ) , xhe presence o f these compounds 
and their high aff in i ty for iron has been predicted to have significant effects on dissolved iron 
speciation, such as increased dissolution rates and solubilities o f ferric hydroxides. "^^^ 
Marine siderophores that have been characterized are reported to have high cellular membrane 
affinities or are produced by bacteria associated with particles. Repressed siderophore 
production has been observed under iron-replete conditions but production o f characterized 
siderophores have also been observed in iron-rich coastal waters Thus, the significance o f 
siderophore production in different regions is unknown, although it is hypothesised to be favoured in 
low turbulence areas with high concentrations o f biomass. 
Ion membrane transporters are used by both marine bacteria and phytoplankton but unlike siderophore 
species, iron uptake is considered to be directly related to the concentration o f free inorganic iron 
species ( [Fe ' ] ) in solution. These free species represent labile hydrolysis and mono-substituted 
inorganic species which are in equilibrium with strong organic complexes (FeL). It is uncertain 
whether specific free iron species are preferentially utilized by ion membrane transporters (i.e. free 
iron(ll) or (III)). Furthermore, there is evidence that cell surface mechanisms increase [Fe ' ] by 
accessing organically complexed iron (see below). Nevertheless, workers investigating iron uptake by 
cells often use the *free ion model ' . Fig. 1.8, ^''"^ to interpret data. 
In this model, it is assumed that a steady state concentration o f free inorganic ions (M'inoiB) exists f r o m 
the dissociation o f strong organic complexes (MLoi^- k\ and ki are the association and dissociation rate 
constants, respectively, for binding with trans-membrane ligands, and ki^ is the rate constant for uptake 
across a cell membrane. The model also assumes that only free inorganic iron becomes bound to 
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transport proteins on the cell membrane, f rom where it either dissociates back into solution or is 
transported into the cell. Iron membrane transport is thought to be driven by A T P or electrochemical 
gradients. 
Figure 1.8. Free ton model for iron uptake by phytoplankton (Hudson '^ '***') 
The rate of iron uptake can operate under equilibrium or kinetic control. The former implies that and 
2^ » kin, whereas kinetic control implies that k2 is slow and k^ and kj^ are fast. Based on experiments 
on coastal phyloplankton, the rate-determining step is kinetically controlled by the binding o f Fe' to the 
transporter site. This is ultimately dependent on the loss o f water from the Fe' inner coordination 
sphere. 
Comparisons o f several phytoplankton species revealed that, when normalized to cell surface areas, 
they all had a similar maximum limit o f iron uptake based on the kinetics o f iron exchange with 
transport proteins and the space available on the cell membrane. I'**'-'**^ ' Further interpretation o f this 
phenomenon shows that the surface area to volume ratio o f cells becomes important with regards to 
iron uptake, when diffusion limitation ceases to dominate (cell diameters less than 60 \im). 
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In situ studies have shown that the uptake o f iron by smaller cells is far more efficient when 
normalized to unit cell volume. In addition, open ocean phytoplankton are able to reduce their cell 
sizes to cope with iron limitation and even adapt their metabolism to cope wi th lower cellular iron 
requirement for growth. Furthermore, variation in cellular iron concenlralions can also vary 
depending on growth rate, cell volume, light limitation and the nitrogen source utilised by the cell. ''*'^' 
1.5.3 Addi t iona l sources o f bioavailable i ron 
Ferric reduction is an important process for organisms that use ion membrane transporters, as it 
provides a further source of bioavailable Fe' species for marine organisms and can recycle otherwise 
refractory iron species. Reduction occurs in marine waters via physicochemical processes (such as 
photochemical and thermochemical reduction o f particle-bound iron or iron chelates) and various 
forms o f biological reduction (see above). However, there is growing evidence that in the absence o f 
sufficient external sources o f Fe', iron-deficient phytoplankton are able to reduce iron(ll l) chelates, 
including siderophores, using trans-membrane reductases (e.g. N A D H , N A D P H ) . Models relating cell 
surface reduction to cell radius show that, unlike siderophore systems, larger cells benefit more f rom 
this process whereas small cells benefit f rom the resulting increase o f Fe' i n the bulk seawater 
Cell surface reduction o f iron chelates has been observed for several species o f marine diatoms 
including Tlialassiosira oceanica. I'^ ** '*'I T. weissjlogii, and PhaeodactyUtm tricormttum. In the 
case o f T. oceanica, evidence suggests that iron(ll) production can be faster than the cell uptake rate 
(allowing for a large proportion to diffuse away f rom the cell) and that it is the resulting oxidized 
Fe(ll l) ' species that is taken up by the cell.. Furthermore it was observed that the reduction rate was 
proportional to the logarithm o f the ratio o f the ferric and ferrous binding constants for individual 
complexes, i.e. log (ICF^m)iJf<^?ciu)L)-
Particulate iron is another source o f Fe' that can be used by certain marine organisms to satisfy their 
iron requirements. It has been demonstrated that Fe' can be obtained by phytoplankton f rom 
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amorphous iron hydroxides ^^"•'"1 and iron bound to natural marine c o l l o i d s . T h i s can occur either 
by thermal- or siderophore-mediated dissolution and by plasma membrane reductase mechanisms, such 
as those described above. Another important pathway for the creation o f bioavailable iron is the 
digestion of colloids and biogenic particles. It has been estimated that the production of bioavailable 
iron from ingested colloids during protozoan grazing exceeds that o f photoreduction when the entire 
water column is considered. ''^^^ In addition, mixotrophic flagellates can also obtain iron through 
ingestion o f bacteria and this pathway has been estimated to account for to up to - 5 0 % of the total iron 
uptake by autotrophs in the Equatorial Pacif ic . ' ' " ' 
1.6 Conclusions 
Iron plays a critical role as a l imit ing micronutrient for primary production in the World Ocean. This 
review considers the marine biogeochemistry o f the element in relation to modelling iron transport and 
biological utilization in the marine environment. Specific issues that need to be addressed to improve 
our understanding include the fo l lowing five subjects. 
Analytical Constraints. In the past decade analytical techniques wi th picomolar detection limits have 
been developed for the determination of dissolved iron, but inconsistencies remain between reported 
dissolved iron datasets (e.g. for aerosol iron solubility and open ocean concentrations). This 
demonstrates a clear need for a sub-nanomolar iron certified reference materials and more reliable 
protocols for sample collection and filtration, pre-treatment (e.g. acidification), and storage. 
Consistency between workers w i l l only be achieved by continued international collaboration and 
rigorous intercomparison exercises, both at sea and in the laboratory. 
Sources and Fate of Marine Iron. To improve regional and global iron flux estimates, further temporal 
and spatial studies o f iron distribution and speciation in the open ocean are required. These should 
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include surveys that ascertain the sources and magnitude o f iron inputs, e.g. by determining aerosol 
input fluxes, isotopic abundances and elemental ratios (Fe/Al for example), as well as tracer studies 
that target specific processes that transport the element in the water column. 
Significance of Iron-Binding Ligands. Speciation studies and global models highlight the importance o f 
experiments that characterize and quantify iron-binding ligands in seawater. Organic complexation 
strongly influences the thermodynamics o f iron and hence its redox state and solubility. In addition, it 
is predicted that the kinetics o f important processes, such as phase transitions, biological uptake, and 
scavenging, are perturbed by organic complexation. Hence, further laboratory and in situ studies that 
investigate the effects o f complexaiion on all o f these processes are required. In particular, there is a 
need for data relating to iron(ll) complexation. 
Kinetics of Complexation. Reported conditional stability constants for natural ligands are becoming 
more available but there is also a need for conditional kinetic constants for the complexation o f iron(n) 
and (III) wi th dissolved organic and particle-bound ligands in seawater. This w i l l help to determine the 
timescales o f such reactions and whether they can compete with important mesoscale processes such as 
precipitation and biological uptake. 
Bioavailability and Phase Transitions. Current iron bioavailability models are constrained by the lack 
o f well-defined iron speciation data. Most iron uptake models consider only Tree iron species' (i.e. 
truly dissolved, unbound species) or biologically produced siderophore species that are targeted by 
membrane receptor sites, but iron concentrations determined during field and laboratory studies are 
operationally defined fractions. Therefore obtaining near real-time data describing the fractionation o f 
the iron pool (qualified by size and complexation coefficients) w i l l help to integrate theoretical uptake 
models wi th experimental data and better describe the chemistry o f iron at cell membranes. 
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1.7 Aims and objectives 
The main aims o f the work reported in this thesis were to refine and optimise techniques for the 
determination o f dissolved iron specialion in seawater and to investigate iron biogeochemistry in two 
study areas in the north east Atlantic Ocean. The key objectives were as fol lows: 
1. Optimise, trial and evaluate a Flow Injection Chemiluminescence (FI -CL) method for the ship-
board determination o f dissolved Fe(II) in seawater. 
2. Assess potential interferences f rom dissolved organic molecules to the FI-CL method. 
3. Determine the dissolved iron redox specialion in two study areas in the north east Atlantic 
Ocean. 
4. Interpret the data in relation to hydrographic and geographic features, investigate the variance 
o f dissolved iron concentration with nutrients and other trace metal data and identify possible 
sources, sinks and controlling variables. 
5. Determine dissolved iron in different size fractions in the euphotic zone o f the Canary Basin to 
assess whether small colloidal iron (0.02 - 0.2 \xm) is a significant proportion o f the dissolved 
iron pool in this region. 
6. Investigate potential variables that affect the dissolution o f iron f rom aerosol dusts in seawaler. 
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CHAPTER 2. 
Flow injection chemiluminescence methods for the 
determination of iron redox species in seawater 
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2.1 Introduction 
The Flow Inject ion Chemiluminescence ( F I - C L ) techniques optimised and used i n this study are 
described in this chapter. It includes descriptions/illustrations of: 
1. Flow injection analysis as a tool fo r the shipboard determination o f dissolved chemical species in 
the marine environment and the application o f this methodology for determining operationally 
defined iron species in seawater. 
2. A description o f the automated analyser used to determine dFe (Fe(II) + Fe(III)) and Fe(II). This 
includes an assessment o f the suitability o f the instrument to determine Fe(II) , based on field trials 
in open ocean regions. 
3. The optimisation o f a simple luminol chemiluminescence method for Fe(n) using the direct 
injection o f sample into the reagent stream (i.e. no preconcentration column). 
2.2 The use of flow injection analysis in the marine environment 
The technique o f flow injection (FI ) is now an established analytical tool for automating wet 
chemical analyses and facili tating on-line sample treatment (physical and chemical) for a range o f 
detection systems. It is used for process analysis "*^' but is also wel l suited for in situ 
environmental monitoring. The attractive features o f FI for this purpose are shown in Table 2 .1 . 
Analytical techniques are required for mapping nutrient and trace element distributions across 
ocean and local scale transects, determining their chemical speciation (e.g. redox states) and 
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studying their interactions wi th l iv ing organisms. The recogtiition that many trace elements are 
often present at sub-nanomolar concentrations in the ocean has necessitated the development o f 
contamination free sample handling methodologies and very sensitive analytical techniques. 
Table 2.1. Attractive features of Fl for in situ environmental monitoring. 
• H i g h temporal and spatial resolution 
• Robust, portable, automated instrumentation 
• Contamination free enclosed environment 
• Sensitive and selective detection 
• In-line removal o f matrix interferences e.g. sea salts 
• Long term stability (reagents, standards, pumps, detector) 
• In-line filtration to remove suspended particulate matter 
• In-line treatment (e.g. acid wash) to prevent internal b iofoul ing 
• On-board calibration and quality control ( fo r accuracy) 
• Simple and rapid field maintenance 
Highly sensitive, laboratory based destructive techniques, such as inductively coupled plasma mass 
spectrometry ( ICP-MS) and graphite f l imace atomic absorption spectrometry ( G F - A A S ) have been 
adapted to provide accurate and sensitive methods for trace element determination but cannot be 
used on-board ships. Furthermore, the kinetics o f marine biogeochemical processes are of ten rapid 
and thus the chemical speciation in a sample can be greatly modi f ied by storage. Therefore, many 
chemical speciation measurements can only be made in the field using reliable shipboard analytical 
techniques. 
W i t h analysis times in the order o f minutes/seconds, the high temporal resolution o f FI is an 
attractive feature for studying dynamic marine processes and open ocean environments e.g. 
mapping o f oceanic biogeochemical provinces. Furthermore, the portabil i ty and spatial resolution 
capability o f FI make it highly suitable for shipboard deployment. This is particularly important 
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when the analyte speciation is l ikely to change after collection e.g. Fe(II) /Fe(III) redox 
165] 
States. 162-
Table 2.2 Shipboard and submersible deployment of flow injection instrumentation with spectroscopic 
detection for monitoring marine environments. 
Analyte Location Limit of 
Detection' 
(nM) 
Detection Comments Ref. 
Al(lll) Open 
ocean 
0.15 Fluorescence Lumogallion. 
Brij-35 
[159] 
Co(ll) Open 
Ocean 
0.5 Chemiluminescence Gallic acid, 
hydrogen peroxide 
[160] 
Cu(ll) Coastal 
waters 
0.1 Chem ilum inescence Hydrogen peroxide, 
1.10-phenanthroline 
[161] 
Fe(ll) Open 
ocean 
0.45 Chemiluminescence Brilliant sulfoflavin, 
hydrogen peroxide 
[162] 
Fe(ll) Open 
ocean 
0.04 Chemiluminescence Luminol. 
dissolved oxygen 
[163] 
Fe(lll) Open 
ocean 
0.02 -
0.01 
Chemiluminescence Hydrogen peroxide, luminol [164] 
[165] 
Mn(ll) Coastal 
waters 
0.1 Chemiluminescence 7.7,8.8-Tetracya no-
quinodimethane 
[166] 
Zn(ll) Open 
ocean 
0.1 Fluorescence P-tosyl-8-
aminoquinoline 
[167] 
H202 Open 
ocean 
10.6 Chemiluminescence Cobalt(ll). luminol [168] 
Open 
ocean 
100 Spectrophotometry (with 
LED) 
N1 NED.suphanilimide. 
cadmium reduction, 
submersible 
[169] 
NO? 
NO3 
Open 
ocean 
4.6 
Fluorescence 
Aniline, imidazole, 
cadmium reduction 
[170] 
NH3 Open 
ocean 
1 
Fluorescence 
OPA, 
dialysis temperature controlled 
[170] 
Si(OH)4 Coastal 
waters 300 Spectrophotometry 
Ammonium molybdate. 
tin chloride, submersible [171] 
analyzer 
PH Open ocean Spectrophotometry 
m-Cresol purple, temperature 
controlled [172] 
PH 
Open 
ocean -
Spectrophotometry 
Phenol red, 
temperature controlled [173] 
*as defined by investigator 
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In addition, contamination f rom the field environment is minimised using an FI analyser housed 
within a portable laminar flow hood and manipulating the sample within the confines o f the narrow 
bore (0.7 m m ) manifold tubing (Figure 2 .1 ) . Other important attributes o f Fl shipboard monitoring 
are low reagent consumption, waste containment, high reliability and ease o f maintenance. 
Ciurent shipboard f l o w systems use a variety o f detection methods in order to maximise sensitivity, 
precision and selectivity for individual trace elements and nutrients. Table 2.2 lists FI methods that 
have been used for shipboard measurements o f trace metals, nutrients and inorganic ions in manne 
waters Spectrophotometry, fluorescence and chemiluminescence have been used for detection and 
a common feature o f many o f the reported methods is the incorporation o f a solid phase micro-
column containing an immobilised chelating ligand for preconcentration o f the analyte and matrix 
removal (e.g. the major sea salt ions). One o f the most documented extraction coliunns for trace 
metal analysis is the immobilised 8-hydroxyquinoline column (S-HQ). " ^ ' ' ^ ' '^^l Direct 
spectrophotometric methods (i.e. no micro-column) require careful optimisation to minimise 
refractive index (Schlierren) effects. 
Figure 2.1. FI analyser in the laminar flow hood of a ship clean container 
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Typical on-line treatments used with shipboard FI methods include reduction columns for redox 
speciation e.g. NO2 /NO3" and specific filtration techniques to remove suspended particulate matter 
and/or colloidal fractions. On-line seawater supplies f rom towed fish can be coupled wi th filtration 
units and FI to provide near real-time analysis, e.g. o f dissolved or total nutrient concentrations in 
surface waters. 1'^ ^ ' " ' Another option, particularly for transient species, is the deployment o f a 
submersible FI analyser. "^^ '^'^ 
Shipboard FI techniques are not restricted to measuring trace elements and nutrients. Methods for 
determining other inorganic species that require high temporal and spatial resolution 
measurements, e.g. pH, P C O 2 , T C O 2 1 ' " ' " ' and H2O2 have also been adapted for high precision 
shipboard use in a FI system. The small size and weight o f FI instruments also permits 
simultaneous multi-analyte measurements. '"'*'• 
2.3 Determination of iron(ll) and dissolved iron species in 
seawater using flow injection chemiluminescence (FI-CL) 
2.3.1 Operationally defined iron f rac t ions 
Trace metal species in seawater samples are generally operationally defined by the pre-treatment 
and method o f analysis used. Details o f the iron species that were determined dur ing this study are 
listed in Table 2.3. The dissolved iron (dFe) Section was chosen to mimic traditional pre-
treatments used by other workers (e.g. <0.2 - <0.4 ^ m filtration fol lowed by acidif icat ion to pH 2 
and several months storage ' " ' ) and hence allows comparison o f the dFe data w i t h historical dFe 
data. Since this fi^ction may contain small colloids, some o f the later studies reported here 
(Chapter 6) also include dFe data for a <0.02 ^ m fi^ction, wh ich has been used by other workers to 
define 'soluble ' iron in seawater. '''^ ^ Further informat ion o n the total acid labile i ron i n open ocean 
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regions can also be obtained by the analysis o f unfiltered acidif ied samples or total dissolvable iron 
(TD-Fe). However, iron concentrations in these samples are l ike ly to be more variable due to the 
lack o f homogeneity o f particles and organisms in seawater. 
Table 2.3 Operationally defined iron fractions used in this study. 
Fraction Abbreviation Filtration Pre-treatment 
Total Dissolvable Iron TD-Fe Unfiltered Acidification after collection (pH 2, 
HCI). Sulphite reduction 
before analysis. 
Dissolved Iron dFe <0.2 pm 
Filtered immediately after 
collection. Acidified and stored 
for 3 months (pH 2, HCI). 
Sulphite reduction before 
analysis. 
Soluble Iron dFe(<0.02 pm) <0.02 pm 
Filtered immediately after 
collection. Acidified and stored 
for 3 months (pH 2. HCI). 
Sulphite reduction before 
analysis. 
Small Colloidal Iron dFe (0.02-0.2 pm) - S e e note° 
Dissolved Iron(ll) Fe(n) <0.2 pm Analysed immediately after in-line 
filtration. 
Percentage Iron(ll) %Fe(ll) <0.2 pm S e e note" 
value obtained by subtracting dFe(<0.02 ^m) from dFe 
percentage fraction of dFe e.g. %Fe(H) = [Fe(ll) / dFe} x 100 
Redox speciation measurements were made by determining dissolved i ron( I l ) ( i .e. Fe(n)) in situ by 
immediate analysis using F I - C L w i t h in line filtration (<0.2 f im) ) . Data is often presented as 
%Fe(n) which denotes the percentage Section o f Fe(n) in the ' to ta l ' dFe pool (e.g. % F e { I I ) = 
[Fe(n)/(Fe(n) + Fe( I l I ) ] x 100%) A n investigation into the accuracy o f this technique and the 
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possibility o f interferences caused by organic molecules in the sample matrix is given in Chapter 3. 
Practical details o f all filtration and sample pre-treatment are described in Chapters 5 and 6. 
2.3.2 Shipboard iron determination by Flow Injection - Chemiluminescence ( F I - C L ) 
DFe in seawater can be determined in the laboratory using ICP-MS w i t h isotope di lu t ion ' " ^ ' or 
solid phase extraction, ' '^^' G F A A S after solvent extraction, F I w i t h chemiluminescence ( C L ) , 
[163.165J spectrophotometric detection ' ' ' ^ ' or cathodic stripping voltammetry. ' " ^ ' However, current 
oceanographic studies require the determination o f iron at sea in near real-time and this necessitates 
the use o f portable, shipboard instrumentation, for which FI techniques are ideally suited. 
Flow Injection Chemiluminescence ( F I - C L ) can be defined as a fiow injection technique that 
quantitatively determines an analyte fo l l owing its reaction w i t h a chemiluminescent dye. The light 
emitted during the reaction is therefore relative to the quantum yield o f photons emitted f rom the 
electronically excited state o f the dye to its ground state after reacting w i t h the analyte. F I using 
luminol (5-amino-2,3-dihydro-l ,4-phthalazinedione) chemiluminescence is among the most 
sensitive ship-board F I -CL methods, capable o f determining picomolar concentrations o f dFe in 
seawater. 
The proposed reaction pathway for the oxidation o f luminol fo l lowed by chemiluminescence has 
been determined and is shown i n Figure 2.2. ' ' ^ ' ' The important conditions o f the reaction are 
firstly, that the initial one-electron oxidation reaction (reaction I ) requires the presence o f reactive 
oxidants such as transition metals (e.g. Fe, Co, Cu and M n ) or ft^e radical moieties. Secondly, that 
the eff iciency o f the chemiluminescence emission in the final decomposition step (426 nm, reaction 
3) is dependent on the deprotonation o f the a-hydroxy-hydroperoxide species (pKa = 8.2^"**'). Due 
to this, the reaction has an op t imum chemiluminescence at a p H o f '-lO.S. ' ' ^ ' 
The type o f oxidant used wi th luminol influences the iron redox species determined in seawater. 
Obata et al. l ' " '^^' used hydrogen peroxide as an added oxidant to detennine iron(UI) f o l l o w i n g 
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acidification to pH 3.0 and selective preconcentralion on an 8-HQ column. Using this 
methodology, determination o f i ron(II) required initial removal o f i ron( I I I ) from the sample using 
the 8-HQ column and increasing the sample p H to 6 in order to preconcentrale i ron( l l ) i n addition 
to i ron(I I I ) . 
Figure 2.2 The free radical oxidation pathway of luminol 
NM, O 
OXJDANT 
Laintp«l(l.fr) Ltunuol n t l k t l (LV, L*> 
DUuoqalnoac (L) 
( M > 0 OOH 
AtalMpbthBUta 
+ Na (+ hv) 
Alternatively, the oxidation o f luminol in the presence o f dissolved oxygen has been used to 
selectively determine iron(II) . The use o f this reaction for determination o f i ron(I I ) i n 
seawater using F I analysis was ini t ia l ly investigated using a stopped flow technique without 
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preconcentration (O'Sullivan et al. ' ' ^^ ' ) . This method was later developed and used for 
measurement o f total dissolvable iron in unfiltered samples by reducing iron(III) to iron(n) using 
sulphite and preconcentration on to an 8-HQ microcolumn t ' " '^^' and in recent years, it has been 
applied for direct Fe(II) measurements in surface waters. "^^ '^1 
In addition to luminol chemiluminescence, the iron(II) specific reagent brilliant sulfoflavin (4-
amino-A'-p-toIyO-naphthalimide-S-sulfonate) has been used to determine subnanomolar iron(II) 
following preconcentration (Elrod et al. and Hirata et al. ' ' ^ " ) . Total dFe was measured using 
this technique by adding a reducing agent (ascorbic acid or hydroxylammonium chloride ' ' ^" ) 
to samples prior to analysis. 
2.4 Automated FI-CL instrument for monitoring picomolar 
concentrations of dissolved iron and iron(ll) in seawater ^^^^^ 
The fully automated and portable Fl instrument that was used for real time monitoring and oiT-line 
determination of dFe species in this study is described below. The system incorporated a low power 
(5 V) PMT, an immobilised chelating resin for analyte preconcentration and luminol chemistry for 
detection. The automated virtual instrument used flow injection with luminol CL detection (with no 
added oxidant) for the determination of iron in seawater. 
The method is an inexpensive, portable and robust system suitable for shipboard deployment. The 
detection limit o f - 2 1 pM allows the determination of iron in all marine environments, including 
remote, iron-limited open-ocean regions. Iron(II) can be determined directly by its enhancing effect 
on the luminol reaction and total iron(n+III) can be determined after acidification and sample 
reduction steps. A graphical programming environment (LabVIEW® '^^ •*^ ) facilitated the design o f a 
virtual instrument with a fully flexible user interface for instrument control and data acquisition. 
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In addition, the use of off-the-shelf components and industry standard graphical programming 
software makes the instrument readily adaptable to related analytes (e.g. cobalt copper ''*'^') 
using well-documented chemiluminescence reactions. This instrumentation should be easily 
transferable between laboratories, thus 'facilitating the harmonisation of analytical methods for the 
determination of iron in seawater', a current initiative of the Scientific Committee for Oceanic 
Research (SCOR) Working Group 109 (Biogeochemistry o f Iron in Seawater). 
2.4.1 Reagents and standards 
Al l chemicals were obtained from VWR, unless otherwise stated. Labware was cleaned by soaking 
in successive baths of 5% (v/v) micro-detergent (Decon) for 24 h, 6 M HCl (AnalaR) for I week 
and 2 M HNO3 (AnalaR) for 1 week, and rinsed thoroughly with double deionised water (ultra high 
purity (UHP) water, 18.2 M O cm"') between each step. Sample handling was carried out in a class-
100 laminar flow hood. High purity quartz distilled (Q-) HCl, H N O 3 , ammonia and acetic acid 
were purified by quartz sub-boiling distillation. 
Iron(ir) standards were prepared daily in 0.1 M Q-HCl from Fe(NH4)2(S04)2-6H20. Luminol 
(Sigma) (1x10"^ M) was prepared in 0.1 M Na2C03 by dilution of a 0.01 M stock and adjusted to 
pH 12.2 with 2 M NaOH, and passed through a Chelex-lOO (Sigma) chelating resin column just 
prior to use. Ammonium acetate sample buffer (0.4 M ) was prepared from a 2 M slock and 
adjusted to pH 5.5 with Q-acetic acid. An iron(IJI) reducing agent of 100 j iM Na2S03 (extra pure) 
was prepared from a 0.4 M stock pre-cleaned through an 8-HQ column. The eluent was 0.05 M Q-
HCl and the acid wash was 0.6 M Q-HCI. Low iron seawater (LISW) obtained from the open-
ocean was used as the carrier stream to transport sample from the holding loop to the 
preconcentration column in the Fl manifold. 
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2.4.2 F l analyser 
Figure 2.3 shows the automated FI-CL system. Pumps A, B and C were 4-channel peristaltic 
pumps (Gilson Minipuls 3, Anachem, Luton, UK). Injection valves 1 and 2 were 14'*-28, 6-port, 
low pressure valves (Cheminert C22, Valco, Houston, USA) with two position micro-electronic 
actuation. A !^"-28, lO-port, low pressure selection valve (Cheminen C25, Valco, Houston, USA) 
with multi-position micro-electronic actuation was used to switch between standards and sample. 
Switching valves were PTFE 3-way, two position solenoids (EW-01367-72, Cole-Parmer, 
Hanwell, UK). 
Figure 2.3 F I -CL manifold for the detemiination of iron in seawater 
(a) Shipboard flow diagram 
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(b) Automated system 
1. Laptop with DAQCard'" PCMCIA interface 
2 Mam control unit 
3. 4-channel peristaltic pumps (A-C) 
4. F I - C L manifold 
5 2-position P T F E solenoid valve (V1) 
6 Y-p iece and mixing coil with manually 
operated valves for buffer and sample flows 
7 8-HQ preconcentration column 
8 6-port injection valve (12) 
Table 2.3 Spedficatlons of miniature photon counting head 
M A X I M l M RATINGS 
Parameter Value Unit 
Suppi> voltage VcJc 
Operating temperature range -^ 5 to 40 X 
Storage temperature range -20 lo 50 X 
S P E O F I C A T I O N S AT 25 
Parameter H6240-0I Unit 
Effective area 4 x 2 0 mm^ 
SpectraJ response 185 to 850 nm 
Dark count TypicaJ 80 cps 
Maximum 200 cps 
Counting ImeantN 25 Mcps 
Pulse pair resolution 35 ns 
Output pulse >Mdth 30 ns 
Output logic T T L , positive 
Input \ ollagc +5 Vdc 
Input current at 2 5 Mcps output \la\imum X(i mA 
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Pumps and valves were operated at 5 V dc (TTL) and switches at 12 V do. A power saver relay 
reduced the solenoid input voltage to 8 V dc when energising for extended periods. The detection 
system was a coiled transparent PVC flow cell (1.0 mm i.d.) side mounted on the window of a 5 V 
dc photon counting head (model H6240-01, Hamamatsu Photonics, Welwyn Garden City, UK). 
Detector specifications are given in Table 2.3. The TTL pulse train from the photon counting head 
was integrated, amplified and filtered prior to data acquisition (Figure 2.4). 
Figure 2.4 Block diagram of the automated F I -CL instrument incorporaUng the main control unit and 
PMT interface (integrator, amplifler and filter are shown on PMT 1 only). 
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Flow lines, fittings and connectors were cleaned for I day with 0.5 M Q-HCI and UHP water prior 
to use. Manifold tubing was 0.75 mm i.d. PTFE (Fisher Scientific, Loughborough, UK). Peristaltic 
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pump tubing was flow-rated PVC (Elkay, Basingstoke, UK). Preconcentration, matrix elimination 
and sample buffer clean-up was performed in-line using 8-HQ immobilised on a vinyl co-polymer 
resin packed into 50 | iL micro-columns. One complete analytical cycle, consisting o f sample 
load, rinse and elution, took 3 min. The operation, state of each component (on or o f f for switching 
and injection valves; position for selection valve) and associated timing parameters during each 
cycle are shown in Table 2.4. 
Table 2.4 Timing sequence for one analytical cycle. 
Elapsed 
lime (s) 
Pumps Injection valves * Switching valves lO-way selection 
valve position ' 
Operation 
A B C I 2 1 
0 ON ON O F F ON O F F ON O F F 1 Load 
60 ON O F F ON O F F OFF O F F O F F 1 Wash 
100 ON OFF OFF O F F ON O F F O F F 1 Elute 
160 ON OFF ON O F F O F F O F F O F F 1 Rinse 
180 Cycle back to line 1 
The pump and valve numbere refer to those shown in Figure 2 .3 . " Injection valves: O F F = L O A D sample and O N = E L U T E 
sample. " Switching valve 2 is ON only when an a d d wash solution is passed over the 8-HQ column. ^ 10-way selection 
valve remains in position 1 (sample port). For calibration this valve switches to positions 2-10 (depending on the number of 
standards to be run). 
2.4.3 Interface 
Instrument control was achieved via a DAQCard-DIO-24 card (National Instruments Corp., 
Newbury, UK) with 24 digital input/output T T L lines, and signal acquisition was via a DAQCard-
700, with 16 channel, 12-bit A/D conversion. This card was also used for changing PMT gain. 
Virtual instrument (VI) software (Ruthem Instruments Ltd., Bodmin, U K ) was written in 
LabVIEW* version 5.1 (National Instruments Corp.). 
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Figure 2.5 LabVIEW* graphical user front panel for the automated virtual instrument 
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Figure 2.6 Wiring diagram showing the graphical code for instrument contnDl and data acquisition This 
code drives the functions shown on the Front Panel in Figure 2 5 
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The interface had two units, one for controlling pumps and valves and one for the PMT and signal 
processing (Figure 2.4). The LabVIEW® VI front panel contained ready-to-use switches, buttons, 
controls and graphical displays of detector readings (Figure 2.5). Each element in the front panel 
was connected via the wiring diagram (Figure 2.6), which included functions for signal processing, 
timing of operations and file management. 
2.4.4 Detector performance 
The PMT interface contained a 4-position switched gain amplifier (Figure 2.4). This provided 
settings of xlOO, xlOOO, x2000 and x5000, selectable by the control V I software, which allowed the 
sensitivity to be adjusted to suit the variable concentrations of iron found in seawater. The effect of 
each of these settings on the CL background emission, background noise and analyte signal for a 
2.0 nM iron(ll) standard was investigated in direct injection mode (i.e. no preconcentration 
column), and the results are shown in Figure 2.7. 
The CL background noise (peak-to-peak) showed no change with gain setting, but both the CL 
emission for iron and the background CL emission both increased linearly with respect to PMT 
gain. The maximum signal-to-noise ratio was obtained at the highest gain setting (x5000), which 
was therefore most suitable for iron depleted open-ocean measurements. For environments with 
higher iron concentrations (such as coastal and estuarine waters), a lower gain setting can be used 
to provide an expanded linear range. 
Instrumental drift was monitored during the Atlantic Ocean shipboard trials by regularly measuring 
the CL background emission and background peak-to-peak noise, blank signals and calibration 
slopes. Sensitivity variations may result from temperature fluctuations (affecting both the PMT 
detector and CL chemistry), differences in reagent composition between batches, reagent ageing 
and degradation of pump tubing (affecting flow rates). 
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Figure 2.7 Effect of changing the PMT gain on the C L background emission. C L background peak-to-
peak noise, analyte signal and signal-to-noise raUo with the instrument in direct injection 
mode (no preconcentration). 
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The effect of temperature on the CL background noise and analyte signal generated using a 2.0 
nmol I" ' iron(ll) standard prepared in UHP water with the Fl system in direct injection mode (i.e. 8-
HQ microcolumn removed; see 2,5.2) was studied over a 24 h period. No significant changes in 
C L background noise (<2 % drift, one measurement made each second, n > 80,000) or analyte 
signal (<6 %, 86 ± 5 mV, n = 36) were observed, despite a 5.5 °C change in laboratory temperature. 
However, to minimise the risk of possible changes in sensitivity with temperature, the complete 
system was housed in an air conditioned clean air laboratory container. 
2.4.5 Analytical figures of merit and blank measurement for dissolved iron 
Figure 2.8 shows a typical FI trace for the blank, sample and standard additions o f 0.2 - 1.0 nM 
iron(ll) spikes to a seawater sample. The mean repeatability and standard deviation for 4 replicates 
over this range was 5.9 i 3.2 %. The standard addition plot showed excellent linearity (R^ = 
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0.9979) over this range. The iron(n) blank during the trial was typically 24 ± 7 pM (n = 4), 
resulting in a limit of detection of 21 pM (defined as three times the standard deviation o f the 
blank). The major contributions to the blank signal were from iron impurities in the ammonium 
acetate sample buffer, IJHP water used for column washing, and (for iron(Il+Ill) determinations) 
the acid and sulfite used for sample pre-lreatment. For Fe(ll) measurement, the limit of 
detection can be reduced by placing an S-HQ cleaning column on the UHP water line to clean up 
the water wash. 
Figure 2.8 Shipboard calibration* peaks and con-esponding standard additions plot for iron over the 
range 0.2-1.0 nM. 
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•20 mL sample aliquots were spiked with varying volumes of Fe(NH4)2(S04)2.6H20. shaken well and equilibrated for 20-
30 min and then analysed within a 1h period. 
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Blank determination for dFe was achieved by finding the sum of three components; Reagent and 
injection blank (BR,), acid blank ( B „ c i ) and sulphite blank (Bsuiphiic), i e.: 
BroiBr = BRI + Bi ic i + Bsuipuie 
The reagent and injection blank was detemiined before and af\er each batch o f sample 
measurement whereas BHCI and Bsuiphite were determined by separate standard addition analysis. BRI 
was measured by finding the mean of >3 injections after ammonium acetate sample buffer and 
UHP water were loaded onto the 8-HQ column and eluted into the reagent stream. To achieve this, 
the seawater sample line was disconnected and the lines were equilibrated with ammonium acetate 
buffer before commencing the measurement. 
BHCI was found by spiking two aliquois o f UHP water with HCI to give solutions of 0.005 and 
0.015 M HCI. Standard additions of Fe(n) (0 - 0.5 nM) were later made to each aliquot and BHCI 
was quantified (pM) as the difference between the intercept of the two linear plots. Similarly 
Bsuiphitc was found after two aliquots o f UHP water were spiked with sodium sulphite to give 100 
and 300 pJS/l concentrations. After Fe(ll) standard additions, the blank was measured as half of the 
difference between the intercepts. Generally BHCI and Bsuiphiie were both < 20 p M and BRI was < 50 
pM. 
2.4.6 Dissolved iron determination in the field: Trial hydrocast 
The optimised FI-CL instrument was tested at a hydrocast station close to the Antarctic continent 
during a Southern Ocean expedition (November 2001) along the CLFVAR SR3 line (--141**E). 
Clean surface seawaler was supplied to the Fl manifold at sea using a high volume peristaltic pump 
(7591-00, Cole Palmer Instrument Co.) connected to a torpedo-shaped fish, which was towed 
alongside the research vessel al a depth of 1 -2 m below the surface, 5 m from the ship*s hull. 
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ers For water column samples, seawater was collected in acid-washed polycarbonate sampl 
suspended o f f Kevlar hydroline, following standard trace metal sampling methods. Seawater 
was filtered in-line through a 0.4 cellulose acetate membrane contained in a polypropylene 
cartridge unit (Sartorius, Epsom, UK). Samples for iron(II) determinations were fed directly to the 
analyser at ambient seawater pH. Samples for iron(II+III) were acidified to pH ~2 with Q-HCl and 
reduced off-line using 100 ^ M Na2S03(12h) prior to analysis. 
Figure 2.9 Typical depth profile of dFe and temperature in the upper water column of the Southern 
Ocean south of Australia. 
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Figure 2.9 shows the profiles o f dFe and temperature in the upper water column (25 - 300 m). Iron 
concentrations were between 220 and 360 pM at this location, consistent with literature data. 
At sea, the instrument was totally reliable over 50 days o f near continuous use for surface transects 
and depth profiling, with no downtime in spite o f the harsh conditions experienced in this 
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environment. A report on the environmental significance o f the complete dataset, obtained using 
this instrumentation, for the 2001 CLIVAR SR3 expedition wi l l be presented elsewhere. 
2.5 Automated monitoring of picomolar concentrations of 
dissolved iron(ll) in surface seawater: field trials ^^^^^ 
To test the capability o f the FI-CL system to determine Fe(II) in surface waters, shipboard trials 
were conducted during expedition AiMT X f l l / l (September 29^ ^ - October 23"" 2000) aboard PS 
Pohrstern. A north-south transect o f the Atlantic Ocean was undertaken during the cruise from 
Bremerhaven (Germany) to Cape Town (South Africa). The regions o f the open Atlantic Ocean 
covered during this voyage receive trace metal inputs dominated in the tropics and sub-tropics by 
wet and dry atmospheric deposition, predominantly due to episodic, long-range transport o f 
Saharan dust, and precipitation through the migrating Inter-Tropical Convergence Zone. Moreover, 
high daytime irradiance levels experienced through large sections of this transect meant that this 
was an interesting area in which to study the possible effects of photochemistry on iron redox 
speciation. 
A second shipboard trial was conducted in a contrasting environment aboard RSV Aurora Attstralis 
as part o f the CLFVAR SR3 expedition in the Southern Ocean south o f Australia (October 28*^  -
December 12**" 2001). Cold seawaler temperatures and low H2O2 concentrations may lead to 
extended iron(lI) oxidation half-lives in these waters. During the return voyage to Hobart 
(Australia) a north-south transect was undertaken across a filament of the Sub-Antarctic Front 
(SAF). In contrast to the open Atlantic Ocean, this is an area o f extremely low atmospheric iron 
deposition and long summer daylight periods, although irradiance levels are variable due to 
persistent cloudy skies, even during the austral summer. 
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2.5.1 Sampling 
Continuous underway sampling o f surface (1-2 m) seawater was performed using a towed torpedo-
shaped fish deployed o f f the crane arm of a hydrographic winch at a distance of -5 m from the 
ship's starboard side. For the Atlantic Ocean survey, seawaler was pumped on-board using a 
variable speed high volume peristaltic pump (model 7591-00, Cole Palmer Instrument Co.), fitted 
with silicone pump tubing and filtered through a Sartobran-P polypropylene cartridge unit with a 
0.2 ^m cellulose acetate filter membrane (Sartorius Ltd., Epsom, UK). For the Southern Ocean 
survey, seawater was pumped on-board using a pneumatic PVDF double-diaphragm pump (model 
P.025, Wilden) and filtered through a Whatman Polycap (model 150TC) filter with 0.2 ^m 
polyethersulfone filter membrane. Water from the sampling tubing entered a clean container 
laboratory positioned on the ship's aft deck, passed through a flow regulator and was split into two 
channels. Seawater from one line was fed directly to the FI-CL iron(II) analyser (Figure 2.3) whilst 
the other line provided a collection point for discrete samples which were later analysed for 
dissolved iron(ll+III) by FI-CL. 
Elevated signals were observed for the first few (5-6) sample injections o f each automated run o f 
the iron(ll) analyser. This phenomenon was believed to be due to either low level contamination 
from the Cheminert injection valves or photoreduction o f iron in seawater sitting in the transparent 
PTFE flow lines contained within the laboratory van. Thus data from the initial peaks for each run 
are not considered. The timing o f each sample injection was determined by back calculation from 
the time (in UTC, Co-ordinated Universal Time) each data file was written to disk, and this time 
was adjusted for lag time delays due to surface water pumping and analysis (5.5 min on the 
Atlantic Ocean survey, 13.0 min on the Southern Ocean survey). The iron(II) concentration data 
were then combined with the ship's position and underway surface water parameters recorded on 
the ship's data logger. 
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2.5.2 Method chemistr>' 
In-line adjustment of sample pH was necessary to ensure optimum preconcentration o f iron(II) 
species onto the 8-HQ resin, whilst minimising the effect o f any interfering species which bind to 
8-HQ at higher pH (e.g. Mn). Many other species are also known to catalyse the luminol 
reaction in the absence of selective analyte extraction and preconcentration. As such, these 
iron(II) measurements represent the operationally defined fraction that is extracted onto an 8-HQ 
microcolumn after short (1 min) in-line buffering of sample to pH 5.5. It is recognised that the 
iron(Il) oxidation rate wil l be retarded and stability enhanced at lower pH (see Chapter 1). Ideally, 
iron(ll) measurements should follow a sampling and pre-treatment protocol that maintains 
speciation integrity as closely as possible (as discussed in Chapter 3 ) . 
The iron(n) delected using this approach was not thought to be an artefact of the analytical method 
as the residence time of the sample in the 8-HQ microcolumn is short ( < l . 7 s). No significant 
reduction o f inorganic iron(III) was observed in aged, filtered Southern Ocean seawater solutions 
spiked with up to 5.0 nmol L" ' iron(III), although a signal statistically higher than the blank was 
observed for the larger Fe(HI) additions ( < 7 % of analyte signal obtained for equimolar spiked 
iron(Il) standards, discussed in Chapter 3 ) . 
Direct injection iron(II) measurements without the preconcenlration protocol (and hence not 
operationally defmed) are also possible by removing the 8-HQ microcolumn and sample buffer 
line. To achieve this, the 8-HQ column within injection valve 12 is replaced with a sample loop 
(typically 100-150 ^1) , UHP water is used as carrier instead o f an HCI eluent stream, and the 
column wash step (see Figure 2 . 3 ) is eliminated. In this manifold, injection valve 11 is not required, 
as seawater is fed directly to the loop within valve 12. The detection limit o f this method (found 
during these trials) is an order of magnitude higher than with the 8-HQ column manifold ( - 0 . 2 
nmol L ' ) , and thus unsuitable for open-ocean iron(II) measurements where dissolved iron(n+III) 
concentrations are extremely low ( < 0 . 1 nmol L " ' ) . However, this no-preconcentration version of the 
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iron(II) system is particularly useful as a tracer for rapid underway mapping during iron 
fertilisation experiments although it is important that the protocols described below are followed 
when determining the analytical blank. Positive interference from pM concentrations o f Co(ll) 
can be removed for all these methods, by adding dimethylglyoxime (20 ^iM) lo the luminol stream. 
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2.5.3 Blank measurement and calibration 
The blank measurement for on-line Fe(ll) determination was defined as the mean CL signal o f >6 
injections after ammonium acetate sample buffer and UHP water were loaded onto the 8-HQ 
column and eluted into the reagent stream (Reagent and injection blank (Bm)). To achieve this, the 
seawater sample line was stopped at the 'Y*-piece (to the right o f pump B in Figure 2.3) and the 
associated pump aibing disconnected. The lines were then equilibrated with ammonium acetate 
buffer before beginning the measurement. BRI was generally o f the same order as the sample Fe(ll) 
signal, thus >6 replicates were taken before and after on-line seawater analyses to accurately 
determine the mean blank (that was to be extracted from the signals detected from each batch of 
samples) and limit of detection (3s). 
System calibration was performed as follows: Low-iron seawater, which had been previously 
collected and allowed to age in the dark, was adjusted to pH 2.0 with triple quartz-distilled 
hydrochloric acid (Q-HCI) and 100 sodium sulphite added to ensure the iron in the sample was 
present in the reduced, ferrous form. Standards prepared at pH 2.0 in the presence of a reducing 
agent were necessary in order to prevent re-oxidation of iron(II) which may have occurred at a 
higher pH. After a >8 h reduction period, standard additions of iron(II) in the range 0-1.0 nmol T' 
were made to this solution and immediately introduced into the FI-CL analyser. The sensitivity o f 
the system to iron(ll) was ascertained from the slope o f the standard curve. 
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2.5.4 System operation 
Prior to use, the PTFE flow lines, fittings, connectors and 8-HQ microcolumns of the FI manifold 
were cleaned with 0.5 M Q-HCI and UHP water for >8 h. The system was calibrated at the start 
and end of each batch of reagents and also after any change in sensitivity (e.g. after change in 
temperature). For sample analysis, filtered (0.2 ^m) ambient pH seawater was continually pumped 
from the towed torpedo fish into a 5 m (2.2 ml) holding loop (Figure 2.3) contained within 
injection valve I I . I f air bubbles form in the holding loop (e.g. due to the de-gassing that may occur 
when very cold seawater enters a warm container laboratory) the injection valve 11 can be replaced 
by a polyethylene bottle or PTFE de-bubbling vial that temporarily stores a small volume (e.g. 2 
ml) of seawater pumped from the tow-fish for subsequent sub-sampling using a PTFE tube fi-om 
the FI system. On switching 11 to the elute position, 1.6 m! of sample was drawn into the FI 
manifold where it was buffered in-line to pH 5.5 on passing through a 0.57 m (250 | i l ) mixing coil. 
The iron(II) in the buffered sample was preconcentrated and separated fi-om the seawater matrix as 
it passed for I min over the 8-HQ microcolumn contained within injection valve 12 (see section 
2.5.2). A distribution valve allows the system to be switched from sample analysis mode to 
calibration mode whereby up to 9 flow lines may be fed to spiked standard solutions. During 
calibration, seawater from the fish is continually pumped through the holding loop in injection 
valve I I and to waste. 
One complete analytical cycle was completed within 3 min. During this time, injection valve I I 
was returned to the load position and seawater continually pumped through the holding loop ready 
for the next sample load. Using one batch of reagents, two blank measurements (in triplicate), two 
calibration curves (seawater standard plus two additions, in triplicate), and up to 8 h (160 peaks) o f 
continuous on-line determination of iron(II) can be performed. With a sampling and analysis 
sequence taking place every 3 min, a measurement is made every 0.9 km of the ship's track i f the 
cruising speed is-10 knots (18 km h"'). 
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2.5.5 Results and discussion 
Analytical performance 
Inslrumenlal drift was monitored during the Allaniic Ocean shipboard trials by regularly measuring 
the CL background emission and background peak-to-peak noise, blank signals and calibration 
slopes. Sensitivity variations may result from temperature fluctuations (affecting both the PMT 
detector and CL chemistry), differences in reagent composition between batches, reagent ageing 
and degradation of pump tubing (affecting flow rates). The effect of temperature on the CL 
background noise and analyte signal generated using a 2.0 nmol l ' iron(ll) standard prepared in 
UHP water with the FI system in direct injection mode (i.e. 8-HQ microcolumn removed; see 
section 2.5.2) was studied over a 24 h period. No significant changes in CL background noise (<2 
% drift, one measurement made each second, n > 80,000) or analyte signal (<6 %, 86 ± 5 mV, n = 
36) were observed, despite a 5.5 '^ C change in laboratory temperature. However, to minimise the 
risk o f possible changes in sensitivity wiih temperature, the complete system was housed in an air 
conditioned clean air laboratory container. 
The sensitivity o f the system was evaluated by comparing the slopes o f calibration curves for 
standards prepared in low iron seawater (LISW), collected from the Southern Ocean Iron RElease 
Experiment (SOIREE) site ( 6 r S 140*^) at a depth o f approximately 500 m. Standard additions 
of 0.2, 0.4, 0.6, 0.8 and 1.0 nmol L ' ' iron(II) were made. System sensitivity varied <5 % on a single 
day (800 ± 40 mV per nmol L ' \ = 0.998), but up to 10 % between days (typically 775 ± 73 mV 
per nmol L ' ' , = 0.995). The precision for the standard addition solutions was in the range 0.9 -
6.2 % RSD (n=4). The iron(II) blank was typically 24 ± 4 pmol l ' (n = 4), resulting in a limit o f 
detection of 12 pmol L ' ' (defined as three times the standard deviation o f the blank). Shipboard 
calibrations were performed at the begiiining and end of each reagent batch (10 h periods). Four 
replicates of each solution were made. The CL background noise showed good stability and 
reproducibility between replicate (n=4) injections was typically <3 %. 
60 
Atlantic Ocean sur\>ey 
Figure 2.10 shows the resuhs from the continuous determination o f iron(ll) in surface waters of the 
south-east Atlantic Ocean during one 10 h day-night period. Concurrent sea-surface temperature, 
salinity and incident solar radiation are also shown. The on-line system was calibrated prior to 
switching to fully automated mode at 12:40 UTC on 20'*' October 2000. Continuous analyses were 
conducted until 22:34, except between 17:33 and 18:03 when a flow problem through the filtration 
cartridge needed lo be rectified. The ship travelled between 23° 17' S, 8°39' E and 24°48' S, 9°59' E 
during the trial. During daylight hours, light cloud cover was present and dusk occurred between 
17:45-18:15 UTC. Sub-samples were also taken hourly from the on-line system during the trial, 
acidified and reduced (0.01 M Q-HCl, 100 | i M NajSOj), and analysed at sea by FI-CL for 
dissolved iron(ll+ni). ""^ 
The results (Figure 2.10) for iron(TT) showed concentrations in the subtropical, oligotrophic 
Atlantic Ocean ranging from below the detection limit (<I2 pmol l ' ) during darkness up to 45 
pmol r' al 12:50 UTC, at which time the solar intensity was close to the maximum experienced 
during the trial. The concentration o f dFe(ri+in) in surface waters generally increased during the 
survey, but was low compared to other data for the Atlantic Ocean (164 ± 35 pmol 1"', n=10). 
Dissolved iron(II) or dFe distributions are not correlated with subtle changes in temperature and 
salinity. Interestingly, the iron(n) to iron(II+in) ratio decreased steadily from 37 % at 13:05 to 3 % 
at 21:07, suggesting that the iron(II) concentration was independent o f changes in water mass. 
These data are consistent with earlier work that suggests photochemical reduction o f iron(UI) to be 
the dominant mechanism for iron(IT) production in the Southern Ocean, offshore waters of 
Peru and northern Australian shelf waters. Our data also support previous results 
demonstrating diurnal cycling between total "reducible" (dissolved/bioavailable) and "non-
detectable" (colloidal/particulate) iron concentrations in natural seawater incubations spiked with 
added iron. The reduction of iron(ITI) to transient iron(II) species, either photochemicaliy or 
involving marine microorganisms, may increase the solubility and bioavailability o f iron in 
seawater. 
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Figure 2.10 (a ) Concentration of 8-HQ-reactive iron(ll). dFe and the iron(ll)/dFe ratio dunng a 10 h shipboard deployment in the Atlantic Ocean, (b) surface temperature and salinity (10 min 
resolution), and (c) global solar radiation (10 min resolution) over the period 10 00-00 00 (UTC) on 20th October 2000 A typical error bar ( Is) for the iron(ll) concentrations is shown. The 
horizontal black bar represents the daric period during the survey. 
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Southern Ocean sitn'ey 
A short (5 h) trial was also undertaken in the Australian sector of the Southern Ocean between 
50''92' S, 143'' 38' E and 5^25 ' S, I43°03' E, in the Sub-Antarctic Front (SAF). The objective 
was to demonstrate the generic capability o f the instrumentation by deploying it in a contrasting 
marine environment. Iron(ll) was measured from 21.00 on 10^ December 2001 to 05.00 UTC on 
11^ December 2001 (local daytime) during austral summer. Conditions were partly overcast. 
Calibration standards were prepared as described above, and three replicates o f each solution were 
made. The mean detection limit from daily shipboard calibrations was 8.7 pmol l ' and 
reproducibility between replicate (n=3) blank injections was RSD <7.6 % A 'de-bubbler' 
polyethylene sub-sampling bottle replaced injection valve I I during this survey (see Section 2.5.2). 
Unfortunately, there are several short periods where no data were recorded. This was due to a 
problem with the continuous supply of surface water from the tow-fish, which was a deployed in 
increasingly rough seas. 
The results (Figure 2.11) show concentrations ranging from below the detection limit up to 29 
pmol r ' for iron(II). dFe concentrations generally increased during the transect from 99 pmol 1"' at 
22:06 to 257 pmol l ' at 03:03 UTC, although total dissolvable iron (i.e. unfiltered and acidified, 
TDFe) levels (not shown) were fairly constant (399 ± 33 pmol l ', n=l6). 
These data are consistent with the low surface dFe concentrations (0.1-0.2 nmol I"') observed in 
previous studies of this region, l ' " - ^ ^ ' ' In the period 00:40 to 03:10, a significant shift in 
temperature (1.0 °C) and salinity (0.2 units) was observed, suggesting the intrusion of a different 
water mass, although this resulted in no clear trend in iron(IJ), dFe or TDFe concentrations. The 
iron(II) to iron(II+III) ratio was variable and ranged from 4 to 13 %. The Southern Ocean iron(IO 
concentrations are also in the same range as the south-east Atlantic data, but are closer to the 
detection limit, have greater temporal variation, and are out o f phase with the variable solar 
iiradiance profile, suggesting that photochemically-mediated reduction o f iron(III) to iron(rO was 
not dominant. 
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Figuro 2.11 (a) Concentration of 8-HQ-reactive iron(ll), dFe and the iron(ll)/dFe ratio during a 5 h shipboard deployment in the Southem Ocean, (b) surface temperature and salinity (5 
min resolution), and (c) global solar radiation (portside, 5 min resolution) over the period 21 00 on 10th December 2001 to 05.00 (UTC) on 11th December 2001 
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2.6 Direct determination of iron(ll) in seawater us ing a matrix 
matched flow injection manifold with c h e m i l u m i n e s c e n c e 
detection ' ^ " i 
The aim of this work was to develop and optimise a flow-injection method based on selective 
luminol chemiluminescence detection with no added oxidant or preconcentration column for the 
determination of iron(ll) in natural waters. A further requirement was that the manifold could use 
the sample matrix as the carrier in order to eliminate the possibility of speciation changes caused by 
adding buffer or removing the analyte by solid phase extraction. The rationale was that the 
resulting method could then be compared to the F!-CL system described above (which includes 
buffer addition and a preconcentration step) to separate and assess the interferences and analytical 
artefacts individually associated with the luminol chemiluminescence reaction and use of the 8-HQ 
column. Furthermore, using the two systems simultaneously allowed real-time comparisons o f their 
analytical attributes. 
In this study, an FI-CL method is described for the rapid and selective determination o f Fe(!I) in 
acidified seawater by its catalytic effect on the oxidation o f luminol in the absence of added oxidant 
and without a preconcentration column. The manifold used is similar to previously reported 
methods but uses a seawater carrier stream (rather than 0.7 M NaCl at pH 7.0 or ultra-pure 
water). Manifold parameters have been optimised, several buffers have been investigated and the 
method applied to the determination o f Fe(ll) in a coastal seawater certified reference material. 
2.6.1 Reagents and standards 
Al l plastic ware used during the experiments and for storage of reagents and standards was cleaned 
with 50% HCl for 48 h, thoroughly rinsed with ultra high purity (UHP) deionised water (18.2 M Q 
65 
cm"', Elgastat, Maxima, England) and stored in re-sealable plastic bags to prevent contamination. 
AM reagents and standards were of analytical grade (supplied by VWR unless stated otherwise), 
were prepared in UHP water and fiirther diluted immediately prior to use. Low nulrienl seawater 
(LNS, salinity 35) was obtained from Ocean Scientific International, Pelersfield, England. 
An iron(ll) stock solution (0.01 M) was prepared by dissolving 0.196 g o f Fe(NH4)2(S04)2.6H20 in 
50 mL of HCl (0.01 M , prepared every 15 days). The standards were prepared daily in LNS 
adjusted to pH 3.0 to prevent oxidation of Fe(ll). Standard solutions of Mn(II), Cu(ll), Ni(II) , 
Zn(!I), Pb(II), Co(II) and Cr f l l l ) were prepared from atomic absorption standards (Spectrosol, 
BDH, England) in LNS (pH 3.0). Iron(ni) standard was prepared directly from 
NH4Fe(S04)2.12H20. 
Luminol slock solution (0.01 M ) was prepared by dissolving 0.089 g o f luminol (5-amino-2, 3-
dihydro-1, 4-phthal-zinedione, Fluka) in 50 mL of borate buffer followed by sonicating for 30 min. 
A working luminol solution ( I x 10"^  M ) was prepared by diluting 10.0 mL of the slock solution in 
100 mL of borate buffer (O.I M) and adjusting to pH 10.4 with sodium hydroxide (2 M). The 
following buffer solutions were used for luminol solution preparation; NH3/MH4, Tris/NaOH, 
carbonate/NaOH and borate/NaOH (all 0.1 M , pH 10.5). 
2.6.2 F l manifold 
The FI-CL manifold used for the determination of Fe(II) is shown in Fig. 2.12. A 4 channel 
peristaltic pump (Minipuls 3, Gilson, France) was used to propel the sample carrier and reagent 
solutions at a flow rate o f 2.0 mL min' ' . A rotary injection valve (Rheodyne 5020, UK, 270 \iL 
sample loop) was used to inject Fe(II) standards into the LNS (pH 8.0) stream and was merged at a 
T-piece with the CL reagent stream. The merged streams travelled 3.0 cm before passing through a 
quartz glass spiral flow cell (1.1 mm i.d., 130 ^ L internal volume) placed directly in front o f an end 
window photomultiplier tube (PMT, Thorn EMI, 9798QA). 
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The PMT, quartz glass coil and T-piece were enclosed in a light tight housing and aluminium foi l 
was placed behind the coil to reflect light onto the photo-cathode. The PMT was attached to a 1 kV 
power supply (Thorn EMI, PM20NS, England) and an integral amplifier was powered from an 
independent 15 V power supply (BBH Power Products, England). The detector output was 
recorded using a chart recorder (Kipp & Zonen, Delft, The Netherlands). 
Figure 2.12 Flow injection with chemiluminescence detecUon (FI -CL) manifold for the determination of 
Fe(ll). 
Sample in LNS 
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2.6.3 Optimisation of F I manifold 
In order to establish optimum conditions for the determination o f Fe(II), various parameters were 
investigated including buffer concentrations and pH, reagent concentrations, sample volume, 
reagent flow rates and photomultiplier voltage. AH these studies were performed using a 100 nM 
Fe(II) standard. A univariate strategy was deliberately adopted in order to understand the effect o f 
each variable on the reaction chemistry and the system response. 
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The efficiency of luminol chemiluminescence is particularly dependent on reaction conditions. In 
the proposed FI-CL system, different buffers were investigated (NH3/NH4, Tris/NaOH, 
carbonate^aOH and borate/NaOH; 0.1 M , pH 10.5), The CL responses for 100 nM Fe(II) using 
these buffers were 5.0, 15.0, 20.0 and 350 mV (n =4) respectively. LNS fonned a precipitate with 
the carbonate buffer and CL signals were irreproducible with an unsteady baseline. The CL 
responses were very small when using ammonia and Tris-HCI buffers and maximum C L response 
was obtained with borate buffer. The optimum pH for the luminol reaction with borate buffer was 
therefore investigated in the range 9.8 - 10.8. Maximum CL emission was observed at pH 10.4, as 
shown in Fig. 2.13, and was therefore used for all subsequent studies. 
Figure 2.13 Effect of borate buffer pH on the peak response of the luminol C L reaction. 
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The effect of the luminol concentration was then studied over the range Ix lO"^- 1x10"* M using the 
optimised buffer conditions. As shown in Fig. 2.14, the C L response increased up to 1x10'^ M 
luminol (used in all subsequent experiments), above which the response decreased due to photon 
quenching. Variation in reagent sensitivity was observed over time as the luminol solution aged, as 
found by other workers, and therefore it was always prepared 24 h before use. 
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Figure 2.14 Effect of luminol concentration on the detemiination of Fe(ll). 
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The effect o f the flow rate o f the carrier and reagent streams was studied over the range 1.0 - 3.0 
mL min"' in terms of CL response, speed of analysis and reagent consumption (where the flow rates 
of the two streams are matched). At a flow rate o f 2.0 mL min"' (for both individual channels), 
maximum CL intensity was observed with a steady base line and reproducible peak heights (Table 
2.5). Hence this flow rate was used for all subsequent experiments The effect o f the sample volume 
on CL response was studied in the range of 45 - 450 ^ L . Maximum CL response was obtained at 
270 | i L (Table 2.5) and was selected for all subsequent experiments. 
The effect of LNS pH on the determination o f Fe(I[) was investigated in the range 1.0 - 5.0. There 
was an increase in CL intensity up to pH 3.0 but a higher pH decreased the C L intensity (Table 
2.5). Therefore, LNS at pH 3.0 was used for the preparation o f all Fe(II) standard solutions to 
prevent oxidation of iron(II). The effect o f PMT voltage over the range 900 - 1300 V was 
optimised for maximum CL signal-to-noise (Table 2.5). CL response increased linearly with PMT 
voltage but 1050 V was used for all subsequent studies because it gave the best signal-lo-noise 
ratio. 
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Table 2.5 Effect of various parameters on the C L peak response for the determination of 100 nM 
Fe( I i r 
F l o w R a t e ( m U m i n ) 1.0 1.5 2.0 2.5 3.0 
C L s i g n a l (mV)* * 300 450 760 755 750 
S a m p l e v o l u m e (^L) 90 180 270 360 4 5 0 
C L s i g n a l (mV)* * 250 4 6 0 510 500 500 
P M T v o l t a g e (V) 900 1000 1100 1200 1300 
C L s i g n a l (mV) * * 32 90 250 580 1400 
L N S p H 1.0 2.0 3.0 4.0 5.0 
C L s i g n a l (mV)* * 390 4 1 0 450 430 4 0 0 
'For each parameter the following conditions for all other parameters were used. i.e. flow rate 2.0 mUmin; sample volume 
270 MU PMT voltage 1050 V. L N S pH 3.0. 
" Mean of four injections 
2.6.4 C a l i b r a t i o n a n d b l a n k protocol 
Using the optimum conditions described above, the calibration data o f CL response versus Fe(II) 
concentration using acidified LNS (pH 3, 2.0 - 10 nM Fe(Il)) is shown in Table 2.6 The correlation 
coefficient was 0.993 (n=5) and the regression equation was y = 2.65x - 2.10 [y = CL response 
(mV), X = concentration (nM)]. The relative standard deviation o f the method was I.O - 3.7 % 
(n=4) over the range studied. The limit of detection (3 x standard deviation o f the blank) was 0.1 
nM Fe(II). The time between injection and detection with the optimised system was 12 s, which 
makes the method suitable for high resolution shipboard monitoring of Fe(n) in marine waters. 
To obtain an analytical blank for the calibration graph, LNS (pH 5.0) was fu^t passed through a 
pre-cleaned 8-hydoxyquinoline column (8-HQ, 2.5 mm x 3.0 cm, washed with HCl (0.5 M ) for 24 
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h, followed by a UHP water rinse) ^'"^ at a flow rate of 0.3 mL min' ' . Thereafter, the LNS was 
adjusted to pH 3.0 with HCI (2.0 M) and used as a blank for the proposed Fl-CL system. The blank 
signal was reduced by approximately 50% compared with the signal from untreated LNS (pH 3.0). 
Table 2.6 Calibration data 
Iron S t a n d a r d s (nM) 2.0 4.0 6.0 8.0 10.0 
C L in tens i ty (mV) * 4.0 8.0 13.0 19.0 25.0 
R S D (%) 3.7 2.7 3.7 1.0 1.3 
• Mean of four injections, blank value 3 mV; all data are blank subtracted. 
2.6.5 In te r fe rences 
The effect of foreign metal ions on the determination of Fe(II) was studied by preparing standards 
at elevated concentrations (compared with typical seawater) in LNS (pH 3.0). The results are 
shown in Table 2.7. Mn(n), Cu(Il), Ni(n), Pb(ri), Zn(II) and Cr(lII) had no effect and Fe(in) and 
Co(ll) had only a slight effect at concentrations o f 100 nM and 170 nM respectively. However, the 
maximum Co(U) concentration in open sea waters typically range between 100 - 300 pM. I f 
necessary, Fe(III) and Co(ir) can be masked by adding desferrioxamine B (1.0 ^ M , in UHP water) 
'""^ and dimethylglyoxime (100 ^ M in methanol),respectively, to the luminol stream. 
2.6.6 A c c u r a c y 
The accuracy of the proposed method was ascertained by analysing CASS-3 (Coastal Atlantic 
Surface Seawater) certified sea water obtained from the National Research Council of Canada 
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(Marine Analytical Chemistry Standards Program). This solution was analysed using the proposed 
FI-CL system after addition of a 100 jaM solution of high purity sodium sulphite for I h to reduce 
Fe(III) into Fe(Il). A value o f 18.5 ± 5.2 nM was obtained for Fe, as Fe(TI), which is in good 
agreement with the certified value o f 22.56 ± 3.04 nM. CASS-3 was also analysed without the 
reduction step and gave a result o f 16.8 ± 4.5 nM Fe(II) which shows that the majority o f the iron 
in the CRM is in the reduced Fe(ll) form. 
Table 2.7 Effect of foreign ions on the C L peak response for the detennination of Fe(ll). 
Metal I o n s C o n c e n t r a t i o n 
(nM) 
C L s i g n a l 
(mV) * 
L N S Blank — 3.0 
Fe( l l ) 10 18.0 
Ni(ll) 17,000 0.5 
Pb(ll) 5.000 0.2 
Zn(l l) 15.300 0.2 
Mn(ll) 18,000 0.0 
Cu{ l l ) 16.000 0.0 
Cr(l l l ) 10.000 0.3 
Fe( l l l ) 100 2.5 
Co( l l ) 170 7.5 
Mean of four injections 
2.7 C o n c l u s i o n s 
A fully automated FI-CL analyser was assembled and optimised to determine picomolar 
concentrations of dFe in seawater. The original method was developed and validated by previous 
workers and incorporated a preconcentration step using an 8-HQ column followed by elution 
and luminol chemiluminescence detection. The method is specific to Fe(\l) under the conditions 
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described (i.e. no added oxidant), hence acidification of the sample and a sulphite reduction step 
(converting dissolved Fe(ITI) to the ferrous form) allows the determination of dFe (Fe(n) + Fe(m)). 
The optimised FI-CL instrument was tested at sea (Southem Ocean) and was reliable over 50 days 
of continuous use. Iron concentrations determined at an open ocean hydrocast station were found to 
be consistent with literature data (220 - 360 pM) and the sensitivity and consistency of the FI-CL 
analyser was found to be satisfactory when tested during two shipboard trials in the eastern Atlantic 
Ocean and the Southem Ocean (see Table 2.8). 
Table 2.8 Shipboanj Evaluation of Automated F I -CL method with 8-HQ preconcentration 
P A R A M E T E R R A N G E 
T i m e for o n e ana ly t ica l c y c l e 180 s e c o n d s 
Ca l ib ra t ion 
R a n g e 
L inear i ty (R^) 
Sens i t i v i t y var ia t ion o v e r 10 h o u r s 
S e n s i t i v i t y var ia t ion o v e r 2 4 h o u r s 
0 - 2 nM 
= 0.990 - 0 . 9 9 8 
< 5 % 
1 0 % 
P r e c i s i o n ( R S D , n=4) 
r a n g e 
m e a n ± i s 
0 . 9 - 6 . 2 % 
5.9 ± 3 . 2 % . 
B l a n k for Fe( l l ) m e a s u r e m e n t 24 ± 7 pM* (n = 4 ) 
L imi t of de tec t ion (3a of b lank) 21 pM* 
Ins t rumenta l drift (24 h o u r s ± S^C) 
C L b a c k g r o u n d n o i s e n > 80 ,000 
A n a l y t e s i g n a l 86 ± 5 m V , n = 36 
< 2 % 
< 6 % 
* Equivalent Fe(ll) concentration.The blank and limit of detection were later reduced by placing an &-HQ cleaning column on 
the UHP water line reducing contamination from the water w a s h . T h i s resulted in a limit of detection range of 5-15 pmol 
L'^  (defined as three times the standard deviation of the blank). Note: S is used in this table to represent the standard 
deviation of the measurement 
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The method was modified to determine ambient Fe(II) in surface seawater, delivered via an 
underway sampling system, by buffering and preconcentrating the seawater sample inline and 
omitting the acidification and reduction steps. Data showing Fe(II) concentrations in surface waters 
of the equatorial Atlantic Ocean and the Southern Ocean were collated and indicated Fe(ll) 
concentrations from 100 pM to below the limit o f detection o f the system (-12 pM). Although all 
possible interferences were not examined, slight increases in the operationally defined iron(II) 
concentration were detected in separate seawater solutions spiked with iron(IIT) up to a 
concentration of 5.0 nmol L ' ' (<7 % of signal obtained for equimolar spiked iron(Il) standards), 
indicating further interference studies were required. 
In order to investigate the possible interferences o f other components contained within the seawater 
matrix on the Fe(Il) preconcentralion and chemiluminescence reaction, a second manually 
controlled FI-CL analyser with no preconcenlration column was developed, optimised and 
evaluated. This method also used luminol chemiluminescence detection with no added oxidant. 
However, the sample matrix was used for the carrier stream; potentially reducing analytical 
artefacts and possible changes in iron speciation when preconcentration is used (e.g. pH changes, 
mixing gradients at the sample/carrier stream interface). In addition it has the potential to be used 
for real time Fe(II) monitoring in the field. 
The manual FI-CL method was found to be simple and rapid, with an analysis time of 12 s and a 
limit o f detection of < O.I nM for Fe(II) in acidified seawater. The method was validated by 
quantifying total dFe (Fe(Il) +Fe(lII)) in a cert:ified reference coastal seawater (CASS-3) after 
reduction with sulphite. The result, 18.5 ± 5.2 nM, was in good agreement with the certified value 
22.56 ± 3 . 
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CHAPTER 3 
Effect of model ligands on iron redox speciation in natural 
waters using flow injection with luminol 
chemiluminescence detection 
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3.1 Introduction 
To improve our understanding of the role of iron in biogeochemical cycles, it is necessary to make 
consistent and accurate measurements of aqueous dFe species. Several analytical methods that can 
determine subnanomolar concentrations of dFe in seawater have been developed, but to determine 
Fe redox speciation, detection must be redox selective (i.e., determine either Fe(ll) or Fe(lll)) and 
samples must be analysed in situ to avoid specialion changes during storage. 
A limited number of laboratory techniques meet these criteria, including competitive ligand cathodic 
stripping voltammetry, flow injection spectrophotometry l2**5-207i injection 
chemiluminescence (FI-CL). ""•'^'' '^ oi These methods also have limits of detection in the picomolar 
concentration range, are relatively free from interferences, have short analysis times (of the order of 
minutes), and are designed to minimize sample alteration. 
There is, however, increasing evidence that a significant fi-action of dissolved Fe (<0.2 or 0.45 ^m) is 
complexed by strong organic ligands in natural waters, e.g., >99% in seawaier'''^ '^ '^^ '* '^^ ' and Fe-oxalate 
complexes in rainwater, and the sensitivity of these analytical techniques to organically complexed 
Fe(II) and Fe(ll!) is not well documented. A l l of the methods cited above involve at least one chemical 
reaction with Fe(II) such as the complexation of Fe(ll) with an excess of 2,2-dipyridyl or ferrozine 
ligands or the free radical redox reaction with luminol. Consequently, it is possible that 
these methods alter the Fe redox speciation during the measurement process. 
Luminol chemiluminescence is induced following the oxidation of Fe(II) by oxygen, hydrogen 
peroxide, or both. This creates superoxide and hydoxyl radicals, which initiate the three-step oxidation 
of luminol (see Figure 2 . 2 ) . U s i n g this reaction, Fe(II) determination is achieved by the detection 
of light emitted during the final oxidation step in the pH range 9-11. Some transition metal cations (e.g. 
Co(II), Zn(I!), Mn(II), Cu(l!)) are known to interfere with the Fe(II) luminol CL reaction, and 
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interferences due to changes in salinity, dissolved gases (e.g., carbon dioxide), hydrogen peroxide, and 
organic compounds have also been reported. 1 'M.I82 , I85JO9.2IOI 
When Fe(II) determinations are conducted with FI-CL, the changes in sensitivity associated with these 
potential interferences can be minimized using standard additions to the sample matrix and/or in-line 
microcolumns with strong transition metal chelating ligands such as 8-hydroxyquinoline (8-HQ) bound 
to a solid phase. Signals derived from other free transition metal ions can then be determined with and 
without preconcentration columns and their effect minimized by altering the reaction conditions (e.g., 
pH) or by adding masking agents (e.g., dimethylglyoxime for Co(II)). 
Interpretation of Fe(II)-related CL signals is complicated by the presence of organic compounds, 
particularly those complexed with Fe(ll). Organic compounds can alter the efficiency of both the 
chemiluminescence reaction (by making Fe(II) "unavailable", quenching, or charge-transfer reactions) 
and any competitive extraction process that is used. 
The aim of this study was to assess the accuracy of in sim methods for determining Fe(ll) by luminol 
FI-CL in the presence of selected organic compounds. Experiments were conducted using high-purity 
water and seawater matrices (pH 5-8), and Fe(Ii) was determined using two luminol-based FI-CL 
methods. The Direct Injection (DI) method was used to examine the signal produced when a sample is 
injected directly into a luminol reagent stream without pre-treatment (see Section 2.6), whereas the 8-
HQ column method used initial preconcentration onto an 8-HQ micro-colunui followed by elution with 
acid into the reagent stream (see Section 2.4). Parallel experiments were made using these two methods 
in order to investigate and decouple the effects of organic compounds on the solid-phase chelation step 
and the luminol CL reaction. 
The organic compounds included natural reducing agents (e.g., ascorbic acid), nitrogen a-donor/n-
acceptor compounds (e.g., 1,4-dipyridine, protoporphyrin IX), aromatic compounds (e.g., 1,4-
dihydroxybenzene), synthetic iron chelators (e.g., EDTA), and natural iron binding compounds (e.g., 
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desferrioxamine B, ferrichrome A). Fe(ll) determinations for both luminol FI-CL methods were 
affected by submicromolar concentrations of redox-aclive compounds, strong iron binding ligands (i.e., 
log KFCL > 6), and compounds with electron-donating functional groups in both high-purity water and 
seawater. This was due to reactions between organic molecules and iron species before and during 
analysis, rather than chemiluminescence caused by the individual organic compounds. 
In addition, the effects of strong ligands and size speciation on Fe(n) recoveries from seawater 
following acidification (pH 2) and reduction (100 | i M sodium sulphite) were investigated. 
3.2 Experimental 
3.2.1 Reagents and solutions 
All reagents were obtained from VWR, and solutions were prepared in ultrahigh purity (UHP) water 
(18.2 MQ cm'', Milli-Q water, Millipore), unless stated otherwise. Solutions were stored at 20-25 in 
the dark in poly(tetrafluoroethene) (PTFE) or low-density polyethylene containers (Nalgene) that had 
been acid washed ( I week, 20% HCl) and rinsed thoroughly with UHP water before use. Hydrochloric 
and acetic acids (Aristar grade, VWR, Poole, England) were purified by quartz finger distillation 
whereas ammonia (Aristar grade, VWR) was purified by isothermal distillation. All solution transfers 
were made in a clean room under a class-100 laminar flow hood (Bigneat Ltd.). 
Separate Fe(II) and Fe(Ill) standard solutions (0.02 M ) were prepared by dissolving 0.784 g of 
ammonium ferrous sulfate (Fe(II)(NH4)2(S04)2,6H20) and 0.964 g of ammonium ferric sulfate 
(NH4Fe(III)(S04)2,12H2O) in 100 mL of 0.1 M HCl. The stock solutions were then spiked with sodium 
sulphite (Ultrapure, VWR) for Fe(ll) and hydrogen peroxide (Arislar grade, VWR) for Fe(III) (final 
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concentrations 100 | iM) and refrigerated at 4 °C. Working standards (<40 |xM) were prepared daily by 
dilution in 0.01 M HCI solution. 
Table 3.1 Classification of model organic compounds used in this study 
Compound 
Number 
Compound Supplier Classification Binding constant 
(logK,) Fe(ll)* 
Binding constant 
(logKi)Fe(m)* 
1 
2 
3 
ascorbic acid 
citric acid 
glucose 
VWR 
VWR 
VWR 
Reducing 
Compounds 4.4° 11.4° 
4 
5 
6 
7 
8 
ammonia 
urea 
thiourea 
2,2-dipyridine 
1.10-phenanlhroline 
VWR 
Sigma 
VWR 
Sigma 
Aid rich 
Compounds 
with Nitrogen 
Functional 
Groups 4.2° 
5.9° 6.5° 
9 
10 
benzoic acid 
quinol (1,4 dihydroxy-
benzene) 
VWR 
VWR 
Aromatic 
Compounds - -
11 
12 
13 
14 
15 
humic acid 
protoporphyrin IX 
rhodotoluric acid 
desferrioxamine B 
ferrichrome A 
Aid rich 
Frontier Scientific 
Frontier Scientific 
Sigma 
Sigma 
Natural Iron 
Binding 
Compounds 10.6° 
16.2 (PFOHL)21.2 
(PFOHIL)^ 
9.91° 
31.2° 
29.6 (pFet) 29.9 
(PFOHL)' 
29.1 FeL° 
16 
17 
8-hydroxyquinoline 
(ethylenedinitroHetra-
acetic acid (EDTA) 
VWR 
VWR 
Synthetic 
Iron 
Chelators 
8.0° 
14.3^ 
14.52° 
25.1" 
° Sillen. L G.(1971) ; " Martell and Smith (1982) ; calculated from Smith and Martell P"' ; Rue and 
Bojland 1995 ; ° Calculated from Boulkhafa and Crumbliss (2002)'^'and Spasojevic (1999). Hyphens (-) 
represent unknown constants. 
Luminol (5-amino-2,3-dihydro-l,4-phthalazinedione) (Sigma) solutions were prepared by dilution of a 
0.01 M stock solution into a solution of borate buffer (0.1 M ; Aristar grade, VWR) for the Dl method, 
and into 0.1 M Na2C03 (Aristar grade, VWR) for the 8-HQ column method. These solutions were 
adjusted with a 2 M NaOH solution, to give a pH of 10.5 afler mixing with the carrier stream in the Fl-
CL manifold. The resulting reagent solutions were stored in the dark and equilibrated overnight. A 2 M 
ammonium acetate sample buffer was prepared from purified acetic acid and ammonia. Both the 
working ammonium acetate buffer (pH 5.5) and the purified reducing agent (0.1 M sodium sulphite, 
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pH 5.5) were made as described by Bowie et al., [25] and hydrogen peroxide dilutions were made 
when required from a refrigerated stock solution (30% v/v). 
Stock solutions (O.I-O.OI M) of organic compounds (1-17, see Table 3.1) were made in UHP water, 
except for the siderophores, dipyridine, protoporphyrin, and benzoic acid, which were dissolved in 
HPLC grade methanol. A 1 g L"' humic acid (sodium salt, Aldrich) stock solution was made in dilute 
NaOH solution and filtered through an Acrodisc syringe filler (Gelman, PTFE membrane, 0.2 |im pore 
size) and this was assumed to be a I mM solution for the sake of comparison. Minor pH adjustments 
were made to other organic compound stock solutions (such as EDTA and protoporphyrin solutions) 
using NaOH and HCl in order to solubilize the compounds. The dilution of these solutions to 100 nM 
in UHP water (1 mg L"' for humic acid) and seawater did not alter the reaction pH. 
3.2.2 Methods 
The DI method (Figure 3.1a) was adapted from the flow injection method reported by King et al. 
120S.2I2] jg described in detail in Section 2.6. The manifold consisted of a constant flow of luminol 
reagent and carrier solution, both propelled by a four-channel peristaltic pump (Minipuls 3, Gilson, 
Villiers le Bel, France). These solutions mixed at a T-piece connected to a quartz spiral flow cell that 
was mounted on the end window of a photomultiplier tube (PMT; 9789QA, Electron Tubes Ltd., 
Ruislip, U.K.). The PMT was attached to a 1-kV power supply (PM 20SN, Electron Tubes Ltd., 
Middlesex, U.K.), and an integral amplifier was powered fi*om an independent 15-V power supply 
(BBH Power Products, England). The detector output was recorded using a chart recorder (Kipp & 
Zonen Ltd., Lincoln, U.K.). A 270 | i L sample loop connected to a rotary injection valve (Rheodyne 
5020, PerkinElmer LAS Ltd.) was used to inject samples into the carrier stream. 
The 8-HQ column method (Figure 3.1b) used an automated flow injection analyser for Fe(II) 
determination, which provided control of three peristaltic pumps (Minipuls 3, Gilson), a threeway. 
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two-position solenoid valve (EW-01367-72, Cole-Parmer Instrument Co., Hanwell, U.K.), and a six-
port injection valve (C22, Vaico Instruments Co., Houston, TX) while simultaneously powering and 
acquiring measurement data from a photon counting head (H6240-0I, Hamamatsu Photonics, W e l w ^ 
Garden City, U.K.). 
Figure 3.1 Flow Injection manifolds used for iron{ll) determination 
(a) Direct injection ( D l ) method 
P « r t s t a l t l c P u m p 
C a r r i M 
L u m b i o l ( I > i l 0 - * U ) 
H , B O , ( 0 . 1 I i ) 
S * m p l w — 
F l e w M i l a n d 
P h o t o m u l t i p U a r T u b * 
( P M T ) 
C h a r t R a c o r d w 
(b) 8-HQ column method 
P a r i t t a l U c P u m p . 
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U H P w a t a r 
1 ^ 
S a m p l * B u n * r p H 5.S 
( 0 . 4 H a m m o n l u i n 
• c a t s t a ) 
M i x i n g c o i l ( 0 ^ 1 
A d d a l u a n t 
(0.OS M H a ) 
L u m l n d ( U I O ' M ) 
I n N s C O , ( 0 . 1 U ) 
F l o w C o l l a n d P h o t o n 
C o u n t i n g H a a d 
Instrument control and data acquisition were performed using a notebook computer (Travelmate 20IT, 
Acer, Slough, U.K.) via two PCMCIA DAQCards (National Instruments Corp., Newbury, U.K.), and 
all software was written in LabVIEW version 5.1 (National Instruments Corp.). More detail on the 
system can be found in Section 2.4. 
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The flow injection manifold was similar to that reported by Bowie et al. for the determination of total 
dFe. It incorporated an 8-HQ preconcentration column (in place of the sample loop used in the DI 
method), and consequently, an HCI (0.05 M) carrier was used to elute Fe(ll) from the column. An 
optional buffer line (used only for pH 2 solutions and seawater experiments) mixed ammonium acetate 
solution with the sample to give a final pH of -5.5. 
Table 3.2 Analytical parameters for the direct injection (Dl) and 8-HQ column methods. 
Parameter Dl Method 8-HQ column Method 
Mean limit of detection (n = 5) 
Precision (2 nM Fe(ll). n = 20) 
Analysis time 
1*' row transition metal interferences * 
CASS-3 (22.56 ± 3.04 nM)" 
39 ± 17 pM (3 X noise) 
2.3% 
0.5 minutes 
Fe(lll)(1.3 % ) . Co(ll)(2.5%) 
18.5 ±5.2 nM 
9.6 ± 6.8 pM (3s of blank) 
6.6% 
2.5 minutes 
Co(ll) (28%) 
22 .3±1 .8nM 
• In acidified seawater (pH 2) spiked with 2 nM inorganic standards. Results shown are positive interference (when > 1%) shown 
as relative response to equivalent Fe(ll) concentration (%). By standard addlUons after 12 h sulphite reduction 
The 8-HQ column was rinsed before each elulion (25 s) to remove any unassociated species using a 
UHP water wash line controlled via the three-way valve. The flow cell was made fi^om coiled 
transparent PVC tubing (Altec, Hants, U.K.) and mounted on the window of the photon counting head. 
All measurements reported for both methods are the mean peak heights of three or four replicates, and 
error bars represent two standard deviations (2a) unless stated otherwise. A comparison of the 
analytical figures of merit determined fi-om data obtained during this study is shown in Table 3.2. 
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3.2.3 Calibration 
Experiments conducted with acidified (pH 2) or unbuffered UHP water were calibrated by spiking 20-
mL aliquots solution with varying volumes of Fe(ll) standard. A different approach was required for 
seawater calibrations due to the higher pH of the matrix. For the Dl method, magnetic stirred seawater 
aliquots were spiked with varied volumes of Fe(l!) standard solution and analysed every 30 s. A first-
order kinetic approximation obtained from the oxidation curve was then used to determine the Fe(ll) 
signals at l = 0. The 8-HQ column method used an line sample buffer to alter the pH to 5.5. 
Therefore, the seawater matrix used for calibration by standard additions was buffered off-line to pH 
5.5, which prevented the rapid oxidation of Fe(ll). Calibrations in UHP water and seawater were non-
linear, and thus, the line of best fit was modelled using quadratic functions whereas acidified UHP 
water and seawaier (pH 2) gave a linear response (0-10 nM Fe(Il)) using the 8-HQ column method. 
3.2.4 Blank measurements. 
The carrier used for the Dl method was the original sample matrix of each experiment; hence, no blank 
injection measurement was required. Injection blanks for the 8-HQ column method were obtained 
using a matrix blank (i.e. the original matrix without additions of Fe or organic compounds), 
eliminating the need for further blank measurements. The exception to this procedure was the blank 
measurement for the seawater experiments where an in-line buffer was used. For these experiments, 
the blank was defined as the signal caused by the elution of the 8-HQ column without sample 
introduction (i.e., by passing only the buffer solution over the column followed by a UHP water wash 
and elution). 
3.2.5 Seawater samples. 
Open ocean and coastal seawater samples were collected for use in these experiments. The first was a 
lO-L sample of North Atlantic surface water (NASW) collected using trace metal clean towed fish and 
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a PTFE diaphragm group in the Bay of Biscay (46.5'*N, 7°W), onboard the R. V. Pelagia in March 
2002. This was filtered in-line through a 0.2 nm Sartobran cartridge filler (Sartorius) directly into an 
acid-washed carboy. It was then aged in the dark for 15 months at room temperature 20-25 ^'C). The 
second sample was collected from the English Channel at station L4 (50°I6 ' N , 4*'!3' W) onboard the 
R. V. Squilla, June 2003. The L4 sample was pumped directly into a 20-L acid-washed carboy, filtered 
in the shore-based clean room, and used as required. Two in-line sequential filtrations were performed 
using syringe filters with 0.2 \m\ (Acrodisc, 25-mm PTFE membrane,Gelman) and 0.02 \im (Anotop, 
sterilized, aluminum oxide membrane, Anopore) pore sizes. These had been acid washed and rinsed 
thoroughly with UHP water and sample. 
3.3 Resul ts and d iscuss ion 
3.3.1 Kinetic and equilibrium considerations for the complexation of nanomolar 
concentrations of Fe(ll) and Fe(III) with organic compounds in high-purity water. 
Dissolved concentrations of 2-20 nM Fe(II)/Fe(in) and 0.1-0.2 \iM organic compounds were chosen 
for the experiments to mimic concentrations found in natural low-iron waters. Before beginning the 
experiments, the degree of complexalion between Fe(II)/Fe(III) and dissolved organic compounds was 
calculated using a simple equilibrium model (Figure 3.2). The first stability constants (K,) of Fe(II) and 
Fe(lll) with each organic compound were used and ionic strength effects were ignored. Results showed 
that complexation in pure water was negligible unless log K| was >6. 
In addition to equilibrium calculations, it was also necessary to investigate the reaction kinetics. The 
second-order kinetics of transition metal (Me) complex formation are described by the Eigen-Wilkins 
equation: 
dlMe(H20)a^iL°ydt = l e„K« |Me (H20)„ ' ' 1 | L | = kf IMeCHiOn^^'-IIL) (3.1) 
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Experimental rate constants (kf) for the complexation of ligands with iron hydrolysis species are often 
of the same order as the water disassociation constant (k,«,), which for Fe(H20)6^^ is 4 x 10^ s ' and for 
the dominant Fe(lll) hydrolysis species at circum neutral pH is -lO"* - 10^  However, a recent kinetic 
study of the complexation of Fe(ll) and Fe(lll) with a variety of humic compounds in seawater 
reported estimated rates of 5 x 10^  - 7.5 x lO" M ' S ' for Fe(ll) and 2.1 x 10^  - 9.6 x I O ' m ' S ' for 
Fe(lII), demonstrating the range of complexation rates that can occur with a mixture of humic 
compounds. 
Figure 3.2 Calculated complexation of free metal ions (2 nM) with ligands versus first stability constant (Ki) 
100 H 
ra 
J 50 
25 
Log Ki 
LIgand 
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10 n M L 
2 n M L 
12 14 16 
If a minimum rate constant (kf) of 1 x 10^  M * s"' is assumed for both redox species then the estimated 
pseudo first order half-life for reactions of 2 nM inorganic iron species with 100 nM ligand is < 24 h 
(i.e. In 2 / kf[L]) . Hence, reaction times of 24 - 48 h were chosen for all the experiments reported here. 
Due to the lack of reported rate constants in the literature, detailed interpretation of the data in terms of 
the complexation kinetics was not possible unless kf or the outer-sphere stability constants (K^s) were 
knovwn. 
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3.3.2 Effect of organic compounds on observed Fe(ll) concentrations in water 
The determination of Fe(ll) in natural waters using luminol CL detection is usually quantified by 
standard additions of inorganic Fe(II) to the sample matrix followed by subtraction of reagent and 
injection blanks. However, the sensitivity of the method to naturally occurring Fe(II) associated with 
inorganic/organic molecules may differ from that of the inorganic Fe(II) standard added. Furthermore, 
direct interference by organic compounds may occur. 
To test these hypotheses, experiments were conducted using UHP water. The rationale was, first, to 
avoid the interference produced by high ionic strength artificial buffers and, second, to equilibrate 
solutions at the pH of UHP water (5.3- 5.6). This pH range is similar to rainwater and freshwaters and 
is low enough for nanomolar concentrations of Fe(II) and Fe(III) to remain in solution. Furthermore 
Fe(II), although slowly oxidized, remained at detectable concentrations over the time scale of the 
experiments. 
The 17 model organic compounds (ligands) selected all had functional groups that commonly occur 
within the broad variation of dissolved organic matter found in natural waters. They included the 
following: natural reducing compounds (1-3), aliphatic and aromatic nitrogen-containing compounds 
(4-8), phenolic and benzoic acid aromatic compounds (9, 10), humic acid, porphyrin and hydroxamale 
iron binding siderophores ( l l - IS) , and synthetic chelating compounds (16,17). 
Chemiluminescence signals for solutions of the dissolved organic compounds (100 nM) gave signals 
below the limits of detection for Fe(II), which were 39 and 10 pM for the Dl and 8-HQ methods, 
respectively (see Table 3.2), indicating that the solutions were uncontaminated and caused no 
significant quenching or signal enhancement. The exceptions were ascorbic acid and quinol, which 
both gave 50 ± 9 pM equivalent Fe(II) signals using the 8-HQ column method, and humic acid, which 
gave a 125 pM equivalent Fe(II) signal with the DI method. EDTA suppressed the CL signal for the 8-
HQ column method due to the chelation of trace metal ions in the matrix. 
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To examine the effects of the organic compounds on Fe(II) determination by Fl-CL, an excess of each 
compound was added (100 nM final concentration) to 2 nM Fe(II) solutions (at t = 0 h). The solutions 
were stored in the dark in PTFE vials (20-25 °C) and were measured after 4 and 24 h using both 
methods. An untreated control solution of inorganic iron(II) in the absence of aqueous organic 
compounds was made for each experiment. The results are shown in Figure 3.3. 
Figure 3.3 Iron(ll) detected by (a) the DI method and (b) the 8-HQ column method after the reaction of inorganic 
Fe(ll) with organic compounds in water after 4 h (light grey bars) and 24 h (dark grey bars). Solutions contained 2 
nM Fe(ll) and 100 nf^ ligands in UHP water (pH 5.5 ± 0.3) and were stored In the dark at 21 - 25 'C. Error bars 
indicate two standard deviations of four injections. S is the 2 nM iron standard analysed immediately after addition 
to water, C is the control in which Fe(ll) was added at T=0 and 1-17 are the model organic compounds listed in 
Table 1. Horizontal bars show 15% deviation from the control after 24 h. 
150 
125 
100 
75 
? 50 
r 25 
O ) 
^ 150 
1 1 1 1 1 1 1 r 1 — I — I — I — I — 1 — 1 
(a) 
S C I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
(b) 
S C 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 
Organic compound number 
The analytical signals for Fe(II) with compounds 1-9 did not deviate by more than ca.15% from the 
control signal (2 nM Fe(ll) solution made at t = 0) for either method over 24 h (except for the effect of 
the reducing agents (I) and (2) on the 8-HQ method). This showed that, under these conditions, Fe(II) 
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was quantitatively detected in the presence of these compounds and the lack of interference was 
attributed to the low binding constants (i.e. log K| < 6) and reactivity of these compounds. 
In contrast, EDTA (17) caused a 95% reduction in CL signal within 4 h and 8-HQ and siderophore 
solutions (13-15) reduced the Fe(ll) signals for both methods by 60-98% within 24 h. EDTA and 
desferrioxamine are strong iron binding chelators and are known to significantly increase the oxidation 
rate of Fe(ll). Hence, the reduction in Fe(II) detected by both methods can be related to chelation 
and an increased oxidation rate rather than an artifact of the method. 
Significant differences between sample and control signals were also seen for solutions 1, 2, and 10-12. 
Ascorbic acid (1) interfered directly with the redox chemistry of both methods whereas quinol (10), 
humic acid (11), and protoporphyrin (12) solutions appeared to stabilize Fe(II) signals when analysed 
directly by CL (Dl method). Considering the low thermodynamic stability of Fe(Il) in oxic waters, 
the apparent signal stabilization observed with these compounds was probably due to redox and 
charge-transfer reactions occurring within the FI-CL manifold. 
3.3.3 Effect of organic compounds on observed Fe(II) concentrations in aqueous solutions 
containing Fe(III) 
The effect of Fe(in) (2 nM) in an excess of organic compounds 1-17 (100 nM final concentration) in 
UHP water (pH 5.3-5.6) was also investigated using both FI-CL methods and the results are shown in 
Figure 3.4. The control results showed that under these conditions the Dl method detected inorganic 
Fe(IIl) at -25% of the equivalent Fe(ll) sensitivity whereas no significant Fe(IlI) signal was observed 
using the 8-HQ column method. Surprisingly, the presence of organic compounds reduced the high 
signal observed with the Dl method over the 24-h period. 
Both methods suffered from positive interference by dissolved Fe(in) species in the presence of the 
majority of the organic compounds used (1-70% of the equivalent 2 nM Fe{[\) signal), but overall the 
interference was lower for the 8-HQ column method after 24 h (mean 7.4%, n = 18). As in the previous 
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Fe(ll) experiment, enhanced signals (>10% of the equivalent 2 nM Fe(II) signal) were found after 24 h 
for ascorbic acid (1) and quinol (10) using both methods and for protoporphyrin (12) using the 8-HQ 
method. Signals for Fe(III) with siderophores and synthetic chelates (13-17) after 24 h were generally 
negligible although signals above the detection limits were detected. 
Figure 3.4 Iron(M) detected by (a) the Dl method and (b) the 8-HQ column method after the reaction of inorganic 
Fe(lll) with organic compounds in water after 4 h (light grey bars) and 24 h (dark grey bars). Solutions contained 2 
nM Fe(lll) and 100 nM ligands in UHP water (pH 5.5 ± 0.3) and were stored in the dark at 21 - 25 'C. Error bars 
indicate two standard deviations of four injections. S is the 2 nM iron standard analysed immediately after addition 
to water. C is the control in which Fe(ll) was added at T=0 and 1-17 are the model organic compounds listed in 
Table 1. 
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3.3.4 Effect of sample pH on Fe(III) interference for the Di method 
The effect of sample pH on the sensitivity of the DI method to inorganic Fe(III) species was 
investigated by injecting Fe(III) into different carriers of pH 2-8, while the CL reaction pH was 
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maintained at 10.5 (results not shown). The signal for Fe(III) had a maximum signal at pH ~ 4.5. This 
interference coincides with the pH range in which the monohydroxy ferric ion (Fe(OH)^^ is the 
dominant species (i.e., pH 4-6). 
3.3.5 Effect of organic compounds on the observed redox speciation in seawatcr 
North Atlantic surface water was spiked to give saturated concentrations of 20 nM Fe(III) and 200 nM 
of each organic compound and stored in the dark for 24 h before analysis. The compounds used 
included four with nitrogen functional groups (4, 7, 8, 12) likely to stabilize Fe(II) as well glucose (3), 
quinol (10), and humic acid (11). The resulting signals (Figure 3.5) were quantified after calibration 
with Fe(ll) and were <200 pM (equivalent [Fe(II)]). Therefore, < 1 % of the Fe(III) added was delected 
as Fe(II) in all the measurements, although the final speciation of the iron was unknown. 
Figure 3.5 Fe(ll) detected in aged Northeast Atlantic surface water after the addition of Inorganic Fe(lll) (20 nM) 
and organic compounds (200 nM). Seawater aliquots were equilibrated for 6 days in the dark at 21 - 25 'C and 
analyzed using the Dl method (clear bars) and the 8-HQ column method (grey bars). SW is untreated seawater 
and C is the 20 nM iron(ltl) control. Error bars indicate two standard deviations of four injections. Organic 
compound numbers are listed in Table 1. 
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The control (seawater + Fe(III)) gave signals higher than untreated seawater for both methods, and 
hence, the induced CL must have resulted from either iron complexes formed with natural ligands in 
the seawater or direct interference from any remaining free inorganic Fe(lll). Chemiluminescence 
induced by filtered seawater spiked with Fe(lll) was unlikely to be due to the evolution of Fe(ll) as the 
aged oxic seawater used was stored in the dark with no photochemical or biological source of 
reduction. Nearly all of the samples spiked with Fe(III) and organic compounds gave positive CL 
signals, but, as mentioned above, this was not attributed to Fe(Il) species because the standard 
reduction potentials of the majority of iron complexes including many porphyrins) are lower than that 
of the O2/ H2O redox couple, which dominates under oxic conditions (E = +0.74 V at 25 °C, pH 8). 
The exceptions were the seawater samples spiked with the Fe(II)-specific ligands 2,2-dipyridine (7) 
and 1,10- phenanthroline (8), which have reduction potentials of > 0.74 V. These ligands reduced CL 
signals to below the LOD for the column method but gave higher CL signals than the control (>25 pM 
equivalent Fe(II)) for the DI method. This showed that the luminol CL reaction is sensitive to a-
donor/71-acceptor iron chelates. The CL signal for these samples was reduced when extracting onto an 
HQ column, probably due to competition between the ligands solution and the active sites on the 
column. The reason for observing any signal from the addition of Fe(III) is due to either shift in Fe 
redox slate or charge-transfer reactions with luminol. One would need additional mechanistic 
information to determine which of these processes is dominant. However, the aim of this study was to 
obtain sufficient data to allow a critical comparison of the CL responses from the DI and 8-HQ 
methods in the presence of a range of organic compounds. 
3.3.6 Effect of strong ligands on the determination of dissolved iron 
Luminoi CL can be used for the determination of dFe (Fe(IO + Fe(in)) using prior acidification and 
sulphite reduction. I'^^-^ii] examine the effects of strong ligands on the two FI-CL methods, Fe(ni) 
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(2 nM) and organic compounds (12-17, 100 nM) were equilibrated in UHP water for 48 h. Aliquots of 
each solution were then spiked either with HCl (to pH 2) and sulphite (100 ^ M ) or with HCl only (pH 
2). In addition, a blank solution was made for each solution that included the organic compound, HCl, 
and sulphite with no Fe(ni) added. 
F i g u r e 3.6 Fe( l l ) recovered over time from 2 nM Fe( l l l ) solutions containing strong iron l igands after acidification 
(pH 2, HCl ) and sulphite reduction (100 pM). using the 8-HQ method. Fe( l l l ) and the organic compounds w e r e 
added to v^rater and left to equilibrate for 2 4 hours, before adding the organic compounds . Measurements w e r e 
made over 72 hours. 
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Solutions were then analysed over a period of 3 days. The results (Figures 3.6 and 3.7) for both FI-CL 
methods showed that for all the test solutions, except the porphyrin solution (12), over 40% of the 
Fe(IIl) remained undetectable, even after 72 h of acidification and reduction. This has important 
implications for sample treatment when determining dFe with sulphite reduction with both methods. 
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F i g u r e 3.7 Compar ison of Fe( l l ) recovered from control solutions after 72 hours, using ( a ) the Dl method and (b) 
the 8-HQ column method. Fe{ l l l ) and the organic l igands were added to water and equilibrated for 24 h before 
adding the reagents. C l e a r bars represent 2 nM Fe( l l l ) solutions with organic l igands that w e r e acidified (pH 2 , 
HCI) and reduced with sulphite (100 pM). G r e y bars a re the s a m e solution without sulphite and black bars a re a 
blank without Fe( l l l ) . C w a s the 2 nM iron(lll) control. Numbers on the x axis refer to the organic compounds listed 
In Tab le 1. 
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3.3.7 Kinetics of sulphite reduction of iron in filtered (<0.2 ^m) and ultrafiltered (<0.02 ^m) 
coastal seawater 
An experiment to examine the kinetics of reduction of Fe in a natural sample was conducted using the 
8-HQ column method only. Two aliquots of freshly filtered (<0.2 |im) and ultrafiltered (<0.02 jam) 
coastal seawater were spiked with HCI (pH 2), and one aliquot of each fraction was spiked with 
sulphite (final concentration 100 ^ M ) . These solutions were stored in the dark at 20-22 °C, and Fe(II) 
was determined periodically over 3 weeks. 
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The data (Figure 3.8) showed that Fe(II) production in the 0.2 fihered samples did not reach a 
plateau, even after several weeks, whereas the signal for the ultrafiltered samples did so after <24 h. 
Furthemiore, the effect of sulphite was negligible and thus the evolution of the Fe(ll) detected must 
have been due to reductive dissolution of Fe(III) in the acidified seawater. The slower reduction and 
dissolution of "colloidal" iron in the 0.2 | im filtered sample was attributed to the disassociation of 
surface-bound iron and iron bound within particles. 
F i g u r e 3.8 Fe( l l ) detected after acidification and reduction of filtered (<0.2 \im. • ) and ultrafiltered (<0.02 Mm. X) 
coastal seawater . A lso shown are the results for filtered ( • ) and ultrafiltered { • ) coasta l s e a w a t e r after 
acidification with no reducing agent. 
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Few iron dissolution studies of natural colloids have been reported. Obata et al. used a similar luminol 
FI-CL method (using hydrogen peroxide as the oxidant in the luminol reagent stream) determine 
Fe(III) and reported that the dissolution of Fe from artificial and natural colloids in acidified seawater 
(pH 3.2) occurred within seconds. The contrasting data shown here are evidence that fijrther 
investigation of the dissolution and detection dFe is needed to clarify dissolution mechanisms for 
natural colloids and to determine the dissolved Fe species that are produced. 
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3.4 Conclusions 
1. Differences in iron redox speciation were observed using the two FI-CL methods. Some organic 
compounds altered the sensitivity of the 8-HQ column method to Fe(ll) (e.g., quinol, citric acid), but 
this method was less sensitive to interference from Fe(Ill) species in the presence of organic 
compounds at lower pH (<6), e.g., for rain and freshwater samples. Furthermore, preconcentraiion 
using a chelating column may enhance selectivity and minimize the effects of matrix variations 
produced by dissolved gases, free radicals, and redox-reactive species on the CL reaction. On the other 
hand, direct injection of the sample into the luminol reagent reduces analysis time and improves the 
precision of multiple measurements. A disadvantage of the DI method is the difficulty of obtaining a 
reliable blank signal and hence a reliable LOD for field measurements. Here we used the original 
matrix as the carrier, and thus, the LOD was defined as 3 times the signal-to-noise ratio, but a realistic 
blank for field samples would require the selective removal of Fe(ll) from the sample matrix preceding 
injection into the reagent stream. 
2. The individual effects of the 17 selected model organic compounds on the CL signals for both FI-CL 
methods were negligible. 
3. Fe(II) signals for both FI-CL methods were enhanced by solutions containing submicromolar 
concentrations of redox-active compounds (e.g., ascorbic acid) and quinol (1,4-dihydroxybenzene) and 
masked by strong iron binding ligands (siderophores, 8-HQ, and EDTA) in high purity water at pH 
5.3-5.6. Furthermore, CL signals above the LOD of both methods were observed for Fe(III) in the 
presence and absence of organic compounds at this pH. Thus, significant interference is likely to occur 
when Fe(n) is determined by FI-CL in waters below circum neutral pH where micromolar 
concentrations of natural organic compounds are present. This would also affect calibrations when 
standard additions to the natural matrix are used. Hence, there is a need to develop techniques to 
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eliminate sensitivity changes that may reduce the accuracy of Fe(ll) determination in lake, river, and 
rainwater by luminol Fl-CL. 
4. The positive interference from Fe(lII) / organic compound mixtures on the Fe(ll) signal for both FI-
CL methods was lower for seawater (pH 8.1) than for UHP water (pH 5.3 -5.6). Based on the data 
shown in Figure 3.5, the maximum interference for both FI-CL methods from Fe(III) in the presence of 
natural organic ligands in seawater is predicted to be < 1 % of the total iron concentration. The 
experiments reported here represent extreme conditions in terms of organic speciation as in open ocean 
environments, dissolved organic carbon concentrations are generally in the micromolar range and 
compounds are likely to contain a broad range of sizes and functionalities. 
5. Siderophores and EDTA iron complexes in UHP water were undetectable under the conditions 
reported, even after acidification (pH 2) and reduction by sodium sulphite (100 ^iM). These complexes 
slow the kinetics of Fe(IIl) reduction, and therefore, similar ligands present in natural waters may mask 
the detection of a major fraction o f dissolved iron using FI-CL and other techniques. 8-HQ 
microcolumns have been reported to efficiently extract Fe(II) in an excess of strong ligands (e.g., 
tartrate, oxalate, fulvic acid, and citrate ), but the data reported here is evidence that, even under 
reducing conditions, strong iron binding ligands can mask Fe(ll) from both solid-phase extraction by 8-
HQ and the luminol chemiluminescence reaction. However, it is important to note that the 
concentrations of strong chelators used here were closer to the concentrations found in freshwaters and 
rainwaters than those found in seawater. 
6. Rates of dissolution and reduction of iron in coastal seawater were found to be dependent on the size 
fraction. The results showed that pre-treatment protocols and intercomparison exercises are still 
required to minimize any variability in response that may occur between methods for dFe 
determination. 
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7. The results reported here show that organic compounds present in natural waters affect the accuracy 
of Fe(II) determinations. To improve accuracy when using direct Fl methods (i.e. direct injection of 
sample into a reagent stream), a better mechanistic understanding of the Fe(ll)-luminol reaction is 
required. This is a particular challenge for Fe redox speciation measurements because the effects of 
masking and charge-transfer reactions are difficult to decouple from the analytical signal. The 8-HQ 
column method is therefore preferred because the Fe species eluted from the column can be 
constrained, hence removing the effect of the sample matrix on the CL reaction. However, this 
approach requires an understanding of the solid phase complexation of different Fe species. 
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CHAPTER 4. 
Iron speciation in the North East Atlantic Ocean 
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4.1 Introduction 
This chapter serves as an introduction to the hypotheses investigated during two research cruises in 
the north east Atlantic Ocean described in Chapters 5 and 6. Firstly, an overview of open ocean 
iron redox chemistry is presented and processes known to affect redox changes in an oxic marine 
environment are identified. The variables associated with these processes are described and the 
thermodynamic models that are subsequently used to rationalise field data are introduced. Finally, a 
description of the hydrography of the North Atlantic Ocean is given and references made to past 
studies that report distributions of dFe species in this region. The hypotheses studied in the 
following Chapters (5 and 6) are summarised in the Conclusions. 
4.2 Redox chemistry and Fe(ll) measurements in the open 
ocean 
The production of Fe(ll) in seawater occurs during biolic and abiotic redox reactions that recycle 
dissolved and refractory iron species and these mechanisms increase the bioavailability of iron for 
oceanic microorganisms, ' • ' ' ^ • ^ ' ^ l Kinetically labile inorganic Fe(II)' and Fe(III)' species are 
proposed as the bioavailable Fe forms for eukaryoles. Therefore the chemical speciation of 
iron regulates its biological uptake and utilisation o f the element, and as a feedback mechanism, the 
activity of the biological community also has a profound influence on the speciation and cycling of 
iron. ^ '''^ 
Ambient Fe(II) concentrations have been determined in situ in Atlantic and Australian shelf 
waters and the equatorial Pacific. However, due to analytical constraints (techniques require 
high specificity and low limits o f detection, see Chapters 2 and 3) and a lack o f kinetic data, our 
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knowledge of the distribution of Fe(ll) in Atlantic waters and its role in global marine 
biogeochemical cycles is limited. This has resulted in a paucity o f redox speciation data for oceanic 
systems. However, the recent emergence of novel flow injection methods l'62.i89.i9ojo5-207i ^ j ^ j ^ 
detecton limits, capable of detecting Fe(II) at picomolar concentrations, means that investigations 
into oceanic Fe redox processes are now possible. 
To investigate iron redox speciation, all the variables that might control or alter the Fe(n) / Fe(lll) 
ratio must be considered. The majority of open ocean waters of the North East Atlantic are oxic and 
the key variables that might control iron redox speciation in oxic waters are listed below. 
Dissolved oxygen and hydrogen peroxide are the dissolved species that are most influential in 
controlling redox speciation in oxic waters (see Chapter 1). This is due to their control over the 
kinetics of Fe(II) oxidation (i.e. Haber Weiss mechanism) and the electron activity of seawater. 
Temperature is known to alter iron solubility '''^ ^ and Fe(Il) oxidation rates (Chapter 1). Similarly 
other reactions and equilibria that affect iron speciation are likely to be altered by temperature. 
Electron activity is a controlling variable for redox speciation and hence can be estimated in order 
to model redox speciation for less dynamic marine waters. 
Photoreduction of dissolved and colloidal iron has been shown to maintain significant steady state 
Fe(II) concentrations in coastal waters (e.g refs 1^ 8.81^ 23.224]^  hence may play an important role in 
open ocean waters. 
Biological redox cycling is used by some marine eukaryotes that directly reduce Fe(ni) complexes 
using membrane bound NAD(P)H oxidase enzymes (or Fe(III) reductase). These enzymes increase 
concentrations o f free Fe(ll) and enable subsequent Fe(ll) ' or Fe(III)' (following oxidation) uptake 
via metal transport proteins, l^^^"^^ ' ! in addition, bacterial oxidation o f organic matter is a well-
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known process that can produce highly reducing environments capable of reducing iron species 
(see Chapter I ) . However, neither o f these processes have yet been reported to cause enhanced 
steady state Fe(II) concentrations in Atlantic seawater . 
Organic speciation. Equilibrium calculations for inorganic species indicate that in oxygenated 
seawater [Fe(II)/Fe(III)] is of the order of 10"'°, with the Fe(II) speciation including Fe^ ,^ FeCOi 
and FeCr species. However, according to most studies >99 % of dFe is organically complexed 
in seawater '**^ '^ *^ ' and Fe(lII)-chelates can be an important source of kinetically labile Fe(M)'. This 
can occur firstly, when Fe(III)-chelates are subjected to direct and indirect photochemical reduction 
which typically results in dissociation of Fe(II). I"-223.224.228] gg^ond, Fe(III)-chelate bioreduction, 
which has been found for diatoms, I'^ **"'^ '^ may serve as a mechanism for marine eukaryotes to 
produce Fe(II)'. Furthermore, complexation can influence redox speciation by altering the free 
energy of Fe(II)/Fe(III) redox states as well as Fe(n) oxidation rates and the chemistry of natural 
iron binding ligands remains largely unknown (see Chapter 1). 
Particles and colloids. Due to the high solubility of Fe(Il) and the high surface area of suspended 
particles, marine particles such as detritus, atmospheric deposits and faecal pellets may act as 
sources of Fe(II) via dissolution into the aqueous phase. 
4.3 Iron redox speciation models 
Redox speciation models can be used to belter understand the conditions that control the partition 
between trace metal redox states in seawater. The value o f these models can be increased by the 
determination of equilibrium and rate constants from laboratory and field data. The models for iron 
redox species in oxic seawater described below are separated into two categories; thermodynamic 
equilibrium models and kinetic steady state models. 
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The thermodynamic equilibrium model presented below includes only physico-chemical variables 
affecting bulk seawater (excluding light) and may be more representative of deep water chemistry. 
The kinetic model, however, uses the steady state approximation for known redox reactions in 
seawater and is representative of more dynamic system such as those found in surface waters. 
4.3.1 Thermodynamic equilibrium model for oxic waters 
The O2 / H2O redox couple has a standard pE that is inversely proportional to temperature: 
pE'* = E ° ( F / 2 . 3 R T ) (4.1) 
where E**is the standard electrode potential (V), F is Faradays constant (C mol'*), R is the molar gas 
constant (J K"' mol*') and T is temperature (K). Assuming that in oxic waters the O2/H2O couple 
controls the pE of oxic seawater, then the pE can be defined as: 
pEoi/n20 = pE° - log 1 (4.2) 
Po2"^ [H1 
where P02 is the partial pressure of oxygen in the system and [H^] is the proton concentration. Thus 
equation 4.2 shows that the pE of oxic seawater has an inverse relationship with [ H ^ and 
and is most sensitive to pH change. For example, at standard temperature (293 K) a pH change 
fi-om 7.6 to 8.2 changes the pE of seawater fi-om 13.0 to 12.4 whereas a change in the partial 
pressure of oxygen fi^om 0.2 to 0.1 atmospheres causes the pE to decrease from 12.58 to 12.50. 
Hence redox speciation at equilibrium in predominantly oxic seawater is likely to be most sensitive 
to temperature and pH rather than ambient dissolved oxygen concentrations. 
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I f the redox couple in equation 4.2 controls the pE, then for iron species at equilibrium: 
pEo2/H20 = pEVr iwHi) - log ([Fe(ll)]/[Fe(m)]) (4.3) 
Iron redox speciation in oxic waters at equilibrium can be estimated using this model but for 
qualitative interpretation it must be assumed that a single iron complex species (i.e. a dominant 
species with a defined binding constant) is present. 
4.3.2 Kinetic steady state model for oxic waters 
A steady state speciation model for dissolved species in seawater is described by equations 4.4. 4.5 
and 4.6: 
d[Fe(lll)L]/dt = kf [Fe(III)'] [L] - ([Fe(III)L] (k, + k^ v [hv])) (4.4) 
d[Fe(II)']/dt = khv[/2v] [Fe(l[l)L] - k^, [FeOD'] (4.5) 
d[Fe(III)']/dt = k, [Fe(lIJ)L] + k ,^ [Fe(II)'] - kf [Fe{ni)'] [ L ] (4.6) 
where Fe(ll)' and Fe(in)' are the free inorganic species, L is a ligand and kf, k^, khvand kox are the 
formation, dissociation, photo-reduction and oxidation rate constants, respectively. This simple 
model, proposed by Sunda (2001), uses kinetic approximations for redox and complexation 
reactions and thus at steady state these all equate to zero. Using this model it was calculated that 
4.4% of dissolved iron would be present as kinetically labile Fe(IJ)' in fully sunlit Pacific Ocean 
surface waters (pH 8, 25 '^C). Using a similar kinetic model that included particulate iron, Johnson 
et ai predicted that maximum Fe(II) concentrations in equatorial surface waters are unlikely to 
exceed - 0.1 % of the total iron concentration (25 m depth, equatorial light regime, 25 °C). 
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A more detailed model of iron redox cycling derived by Voelker et al. (1997) is summarised in 
Figure 4.L This model provides an interpretation of iron redox speciation where both solid and 
aqueous phase equilibria are considered as well as dynamic processes that occur in seawater. In the 
majority of the work mentioned above, only photochemical reduction processes for reactions / and 
2 have been considered but dark reduction (e.g. charge transfer reactions via reactions with organic 
substrates) and reduction by superoxide were found to be significant in this study. ^ ^^ ^ 
F i g u r e 4.1 S u m m a r y of possib le reac t ions of iron in s u r f a c e wa te rs (adapted from V o e l k e r et al. ) 
H O . + O H 
FeOI) 
Fe(lll) 
Fe ( I I ) (aq) 
IS 
t HOi + O j . 
(darki 
Fe (Ul ) (aq) 
DOM + Oj DOM^ + UO^/O^.-
+ Oy 
I I . Br - + HO. 
Key to Reactions (1) Photoreduction of dissolved Fe(lll) by DOM (2) Photoreduction of surface Fe(lll) by DOM (3) 
DissoIuUon of surface Fe(ll) (4) ReoxidaUon of surface Fe(ll) (5) Fe(ll) oxidation by O2 (6) HO2 / O r photoproduction 
(7) Bimolecular dismutation of HO2 / O r (8) Fe(ll) oxidalion by HO2 / O r (9) Fe(lll) reducUon by HO2 / O r (10) Fe(ll) 
oxidation by H2O2 {11) Reduction of OH' accompanied by the oxidation of Br- to Br (12) Dark reduction of Fe(lll) by 
DOM (13) Dark reduction of surface Fe(lll) by DOM (14) Non reductive dissolution of Fe(III) oxide (IS) Sorption of 
dissolved Fe(ll) (16) Fe(lll) adsorption / predpitation. 
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The determination of rate constants for iron redox reactions under ambient conditions is 
challenging due to their fast reaction rates. The use of detailed kinetic models is further limited as 
the effects o f common variables such as temperature, depth, variation in particulate matter, 
phytoplankton and heterotrophic bacterial communities on steady state iron(ll) concentrations have 
not been examined in detail. Furthermore models only take into account the reactions of Fe with 
uncharacterised dissolved organic matter (DOM), whereas in natural seawater these redox cycles 
may be significantly altered by other redox reactions e.g. manganese cycling. 
Al l the models discussed above account for the effects of light as a reducing agent but elevated 
Fe(ll) concentrations are possible where dissolved and particulate Fe(lll) species are reduced in 
sediments and micro-environments (e.g. fecal pellets) by the oxidation of organic matter and during 
periods o f wet and dry atmospheric deposition. Furthermore the models are limited by the 
assumptions described above and hence accurate in situ Fe(ll) data are required to validate such 
models. 
4.4 Dissolved iron distributions in the North Atlantic Ocean 
4.4.1 Hydrography 
The Atlantic Ocean (Figure 4.2) covers an area of nearly 100 million km^ and occupies 
approximately one quarter of the total area of the Worid Ocean. It is contained by the continents of 
North and South America, Europe and Africa but is coimected to the other oceans via the Southern 
Ocean and the Arctic Ocean, although a large plateau area divides the latter (-1000 m depth near 
Greenland and Iceland) greatly reducing inter-ocean deep-water circulation at the northern extent. 
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F i g u r e 4.2 T h e Atlantic O c e a n 
R«pfoduc«d from lh« GEBCO Digtlll >Mtat pubtohwl by th« BrMiah O c w ^ 
C«nlr« on b«»»» of OC ind IHO , 2003-
The properties and movement of individual water masses are important when considering iron 
speciation and distribution throughout the water column o f the Adantic Ocean. Despite its 
relatively short residence time in deep waters (~ 70 - 200 years ^ ' ^ • ^ ^ ' ) the distribution o f dFe is 
influenced by the movement o f water masses through areas that contribute to the dissolved iron 
pool such as hydrothermal vents, anoxic sediments and areas with high atmospheric deposition 
fluxes. Tsuchiya et al. reported detailed physical and chemical data for a north-south 
hydrographic section o f the North Atlantic (-20 °W). The different characterised water masses in 
the North East Atlantic discussed below are summarised in Tables 4.1 and 4.2. 
4.4.2 Surface waters 
A broad variation in physico-chemical properties o f surface waters exists across the North Atlantic 
This is due to spatial and seasonal variations in climatic conditions, mixing and ocean-atmospheric 
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exchange. Consequently, surface water masses are generally not classified in the literature, the 
exception being stratified, high salinity, sub-tropical and tropical surface waters (see Table 4.1). 
T a b l e 4.1 C h a r a c t e r i s e d sur face a n d intermediate wa te rs of the North E a s t Atlantic (adapted from 
T s u c h i y a e t a l . 1992 ) 
Water Mass Latitude 
m 
Potential 
Temperature 
( -C) 
Salinity 
( V ) 
Potential 
Density 
(CT2. kg m"') 
Depth (m) Character ist ics 
S u b Polar Mode 
Water (SPMW) 
4 0 - 5 0 
50+ 
11 - 12 
7.5 
-35 .5 
-35.15 
- 100 - 500 
100 - 700 
Characteristic 
temperature and flow 
(vortidty). 
S u b tropical and 
Tropical High 
Salinity Waters 
0 - 4 0 - 1 5 - 3 0 > 3 6 < 3 6 0 - 3 0 0 Very high salinity with 
oxygen maximum of 
1 0 0 - 1 1 0 % . 
Antarctic 
Intermediate 
Water (AAiW) 
0 - 2 2 - 4 . 5 - 1 0 < 34.5 - 35 36 - 36.5 600 -800 Salinity minimum 
(<34.5) increases 
nor^wards. 
High nutrients 
decreasing >20"N. 
Mediterranean 
Outflow Water 
(MOW) 
-30 - 42 - 8 - 1 2 35.6->36.1 3 6 . 3 - 3 6 . 7 - 8 0 0 -
1400 
Wami and high 
salinity. 
Irregular 'meddies' 
extending north and 
south of core. 
Labrador S e a 
Water (LSW) 
41 - 65 - 3 . 4 - 3 . 8 3 4 . 9 0 -
34.94 
3 6 . 8 5 - 3 6 . 9 0 - 1 4 0 0 -
1800 
Salinity minimum and 
O2 maximum at 
1500m ending 
abaipUy at 4 r N . 
Iceland-Scotland 
Overflow Water 
6 0 - 6 5 < 3 > 34.96 > 37 1500 -2800 High O2 and nutrient 
poor water. 
Surface water iron concentrations vary considerably throughout the open ocean surface waters o f 
the North East Atlantic (0.02 - 1.5 nM, see Table 4.3), especially near regions of high atmospheric 
particle flux (e.g. Duce 1991 ) and vertical mixing (i.e. upwelling and winter convection). ^^ ^^ ^ 
Further variability is caused by short-timescale physicochemical processes (such as diurnal redox 
cycling), biological recycling and lateral inputs near continental margins from shelf waters and 
riverine inputs (see Chapter 1). 
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Observations in the Intertropical Convergence Zone (ITCZ) of the equatorial Atlantic Ocean by 
Vink and Measures (May/June 1996 ) provide an example of the importance of mineral aerosol 
inputs on dFe concentrations in surface water. The range of dFe concentrations found was 0.4 - 1.4 
nM between 15 °S and 5 °N. The data had a strong correlation with dissolved aluminium 
concentrations and an inverse correlation with salinity, indicating that at the time of the study, wet 
deposition was the predominant input in this region. A similar positive trend between total 
dissolvable iron and aluminium was seen by Bowie et ai between 50 °S and 50 °N. In contrast, 
Wu and Boyle reported dFe concentrations of 0.2 - 0.8 nM in surface waters in the Sargasso 
Sea in March 1998 (26 - 31 °N) where deposition events are less frequent. They proposed that 
vertical mixing, phytoplankton growth and particle scavenging played more dominant roles in 
controlling the iron concentrations in this remote area. 
The upward flux of macro- and trace metal nutrients to surface waters is most significant in 
upwelling currents such as the Equatorial, North West African and Benguelan upwelling areas as 
well as winter mixing in the high latitudes (> 40 °N/S) where surface waters mix with nutrient rich 
water from below. The effect o f the latter is known to have a large scale effect on nutrient 
concentrations in the Northern Atlantic Ocean due to the existence of a front at -50 °N (described 
by Saager et al. '^ '^^). North of the front, higher nitrate, phosphate and oxygen concentrations were 
observed in surface waters due to high winter convection penetrating the nutrient maximum ( - 800 
m) whereas to the south, winter convection was only estimated to influence the top 200 m. The 
surface layer at ca. 40 - 50 °N, 38 °W forms Sub Polar Mode Water (SPMW) and flows eastwards, 
eventually circulating the northern extent of the subtropical gyre to the North East Atlantic where it 
constitutes the main body of water at depths o f 100 - 700 m north of 40 *N. '^ ^^ ^ Thus the seasonal 
transport of the SPMW and LSW delivers high nutrient surface water to the North East Atlantic. 
Dissolved Fe concentrations determined in the SPMW after the spring bloom by Martin et al. were 
relatively low (0.07 - 0.4 nM, 47 *N. 20 '^W ' " ^ ' ) . Therefore the relatively short residence time of 
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iron in surface waters (e.g. c.a. 10 - 300 days ''" •^2'*'*') and its utilisation as a micronutrient reduces 
the transport of iron in SPMW across the North East Atlantic. 
4.4.3 Intermediate waters 
Nutrient maxima in lower latitudes (0 - 50 °N) of the North East Atlantic have been found to 
coincide with the oxygen minima at —750 - 900 m below the SPMW, as a result of organic matter 
mineralisation. However, this is not the case in higher latitudes (> 50 °N) where deep winter 
convection occurs. DFe maxima of 0.5 - 0.6 nM at 700 - 900 m were reported by Martin et al. at 
47 20 °W and 59 °N, 20 °W. 
Below 1000 m, low salinity and well oxygenated sub-polar LSW flows eastward with its core 
located at around 1500 m and then extends southward to a front al - 40 °N where it meets with 
Mediterranean Outflow Water (MOW). DFe concentrations o f LSW near the western European 
Shelf were reported by Laes et al. as 1.0 - 1.2 nM, indicating that LSW becomes enriched as it 
travels alongside the European Shelf. South o f the frontal extent o f LSW, the MOW flows 
westward from the Strait of Gibraltar (found between 30 - 42 °N at 25 -30 °W) as well as 
northwards into the Bay of Biscay. DFe concentrations o f the northward moving MOW, also 
near the western European Shelf, were reported to be 0.6 - 0.9 nM. 
hi the equatorial area, Antarctic bitermediate Water (AAIW) forms a low salinity tongue at 600 -
800 m depth extending from the equator to around 22 **N. This contains high nitrate (30 - 40 nM), 
phosphate ( 2 - 3 | i M ) and silicate (20 - 30 fxM) typical of the intermediate waters of the Southern 
Ocean. At present, there are few water column dFe measurements reported in the equatorial and 
South Atlantic Ocean. However, average dFe concentrations in the surface waters (0 - 500 m) 
of the Atlantic section of the Antarctic Circumpolar Current were reported by many workers to be 
between 0.05 and 0.5 nM l'^^*^^"! and hence intermediate waters in the South Atlantic might have 
lower iron concentrations than those o f the northern gyre. 
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4.4.4 Deep waters 
The North Atlantic deep waters, which are clearly characterised at lower latitudes, are known to 
originate from sinking water that flows south along the Western Boundary Current. A portion of 
T a b l e 4 .2 C h a r a c t e r i s e d d e e p wa te rs of the North E a s t Atlantic (adapted from T s u c h i y a et a l . 1992 ) 
Water Mass Latitude 
("N) 
Potential 
Temperature 
C O 
Salinity Potential 
Density 
(az, kg m"^ ) 
Depth (m) Character is t ics 
North E a s t 
Atlantic Deep 
Water 
(NEADW) 
41 - 6 0 - 2.4 - 3.2 34.94 -
34.96 
-37 .05 - 36.96 2000 -4000 Deep water salinity 
maximum -34 .95 
with unifomi 
nutrient 
concentration at 
-2700m. 
Upper North 
Atlantic Deep 
Water 
(UNADWr 
0 - 2 1 * 3.6-4.6 34.96 -
35.10 
36.8 - 36.95 1500-1800 Intermediate 
salinity maximum. 
Mid North 
Atlantic Deep 
Water 
( M N A D W P 
0 - 4 1 2 . 4 - 3 . 6 34 .92 -
35.0 
36.94 - 37.05 -2000 -
3000 
O2 maximum 
Found to be 
deeper at low and 
high latitude. 
Lower North 
Atlantic Deep 
Water 
(LNADW) 
0 - 5 2 < 2.4 34.86 -
34.94 
> 45.8 ( 0 4 ) -3000 -
4000 
Deepest O2 
maximum at -
3700, only seen < 
lO 'N . 
Antarctic 
Bottom Water 
(AABW) 
0 - 6 5 - 0 . 2 - 2 . 2 > 45.85 (CT4) < 4000 Low temperature 
and high silcate (40 
- 5 0 nM). 
•not including MOW 
" not including L S W 
04 refers to the use of a different potential density scale for deeper waters 
this water is then deflected eastward along the equatorial currents into the southern part of the 
North East Atlantic. The near-bottom water o f the North Atlantic is mainly constituted o f cold (0.2 
- 2.2 ''C) Antarctic Bottom Water (AABW) which becomes warmer as it moves north (2.2 °C at 70 
°N). This originates from the sinking and northern movement of nutrient rich Circumpolar Water in 
the Southem Ocean ). Despite the variations in origin and ventilation time o f these deep waters, 
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there is increasing evidence that the dissolved Fe concentrations determined in the deep waters of 
the northern Atlantic, and indeed other oceans, are very similar. DFe data from stations in the Gulf 
of Alaska (59 ^N, 20 °W) and the northern gyre (47 °N, 20 °W), the Bay of Biscay (46.0 °N, 
8.0 °W) and the Sargasso Sea (32 °N, 64 °W) have reported concentrations between 0.5 
and 0.8 nM. 
T a b l e 4 .3 Repor ted iron concentrat ions in Atlantic wa te rs 
Atlantic Region Iron Fraction Surface 
(0-500 m) 
Intermediate 
(500 -2500 m) 
Deepwater 
(2500 -5000 m) 
Reference 
Gulf of Alaska 
47 and 59 °N, 
20<W 
<0.4 pm 0 . 0 7 - 0 . 3 0.4 - 0.8 0 . 5 - 0 . 8 Martin et al [237] 
WW ^hear shelQ 
36-38 °N 
72-74 °W 
<0.2 pm 0.2 - 0.6 0 . 7 - 0 . 9 - Wu and Luther [242] 
Sargasso S e a 
26 - 31"N 
57 - 65 °W 
<0.4 ym 0 . 2 - 0 . 8 0 . 2 - 0 . 8 0.5 - 0.8 Wu and Boyle [234] 
NE 
40 °N. 23*W <0.2 pm 0.5-1.5 0 . 9 - 1 . 5 - d e J o n g etal [243] 
NE (near shelf) 
45 - 5 0 ° N 
4 - 8 * W 
<0.2 \im 0.2 - 0.4 0 . 6 - 1.2 0.75 ± 0 . 0 4 L a e s et al. [238] 
Centra/ 
1 9 * ^ - 2 7 "N 
5 * ' E - 1 6 * W 
<0.2 pm 0 .02 -1 .11 - - Sarthou ef al. [244] 
Centra/ 
3 4 ° S - 8 °N 
20 - 50 ^ 
<0.22 pm 0 . 4 - 1 . 4 - - Vink and Measures 
[233] 
N-S Transects 
50 *^ - 50 °N 
TD-Fe 
(unfiltered) 
0.2 - 8.0 - - Bowie 6/ al. [232] 
Central artd SE 
Atlantic 
TD-Fe 
(unfil tared) 
0.2 - 10.0 - - Powell et al. [245] 
4.4.5 Residence Time and Transport 
To assess the impact of hydrography and water mass transport on iron distributions, accurate 
residence times are required for dissolved iron. At present these have only been estimated by a few 
workers (e.g. 10 - 300 days in subtropical surface waters l'°^-2*"J and 70 - 200 years in deep waters 
II24.229ZJ0I J 
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The main movement of North Atlantic waters above 200 m is the anticyclonic current circulating 
the northern gyre. The approximate velocity o f the upper water column on the edge of the Northern 
Gyre is -50 nautical miles day"'. Thus i f dissolved iron in surface water had a residence time of 
only one month, then it could travel 1500 nautical miles in its lifetime. Hence, interpretation of dFe 
profiles in North East Atlantic surface waters are complicated as they are not only a product of the 
vertical fluxes in the area sampled but are also a sum of accumulation and depletion occurring in 
different regions before arriving at the sampling site. Exceptions to this may occur under extreme 
conditions such as tropical storms and major dust deposition events where rapid and significant 
changes in dFe concentrations can be directly lir\ked to a particular source. 
The processes that control the deep-water dFe concentrations across the Atlantic and other oceans 
remain unresolved. There is an apparent similarity between reported iron concentrations for deep 
waters in the largest oceans and hence there is no clear indication o f inter-ocean fractionation. 
The transport of deep waters across the Atlantic occurs over 100 y timescales (i.e ~ 80 years in the 
north to south flowing western boundary current '^'*''') and thus ocean cycling timescales are 
estimated to be in the same order as the dissolved iron residence time ( - 70-200 y I'2'*-229.230]j 
Therefore the similarity in deep water dFe concentrations o f different basins is unlikely to be due to 
the long-range transport and mixing o f iron in these waters. This is supported by observations from 
a study o f the trace metals; Mn, N i , Cu and Cd, in the deep North East Atlantic which showed that 
only the distributions of elements with long residence times (i.e. cadmium and nickel) were 
consistent with the mixing of water masses. 
Recent global models have accurately predicted deepwaler iron concentrations in the major ocean 
basins l '"j34^48] ^^^^ optimised variables to obtain rates for scavenging and other 
vertical fluxes. More information on the latter processes can be gained by deterniining the iron 
fluxes in areas that receive high iron input that provide a strong chemical signal to the water 
column (e.g. shelf waters, hydrothemial plumes and high dust flux areas). Such studies benefit 
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from the deployment of sediment traps and high volume filtration devices to allow particulate and 
colloidal Fe fluxes to be studied. Further evaluation of iron binding ligand concentrations and 
binding constants in different areas as well as more accurate dFe data wi l l assist in obtaining more 
realistic models o f iron biogeochemistry in ocean basins. Spatial studies of the euphotic zone are 
also important for determining seasonal distributions of iron in the more dynamic surface and 
intermediate waters that contain the major phytoplankton populations. 
4.5 Conclusions 
1. The variables that are known to affect iron redox speciation in oxic seawater are temperature, 
pH, dissolved oxygen and hydrogen peroxide concentrations, electron activity, photon 
concentration, organic speciation, biological redox cycling and particle/colloid concentration. 
2. Modelling of iron redox speciation is limited by a lack of speciation data and kinetic constants. 
Field data from the North East Atlantic obtained during this study can be used to assess the validity 
of models under varied conditions. 
3. Open ocean dFe concentrations in the North Atlantic vary from 0.07 - 1.5 nM in the surface 
waters (0 - 500 m), 0.2 -1.5 nM in intermediate waters (500 - 2500 m) and 0.5 - 0.8 nM in deep 
waters (2500-5000 m). 
4. Interpretation o f surface dFe data is limited due to the transport and mixing o f the element during 
its residence time. Hence studies are required in open ocean areas where high iron fluxes occur. 
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5. Historical dFe data allow estimates of concentrations in different water masses but an improved 
knowledge of iron residence times and scavenging is required for accurate interpretation of basin-
scale iron biogeochemistry. 
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CHAPTER 5 
Redox speciation and distribution of dissolved iron on 
the European Continental Shelf 
I I S 
5.1 Introduction 
Our knowledge of the biogeochemical cycles of iron in the Atlantic Ocean is constrained by a lack 
of dFe data for different oceanic regions. Spatial and temporal studies are important in areas that 
receive high iron inputs such as shelf waters, deep waters surrounding hydrothermal plumes and 
surface waters impacted by high dust fluxes. As a part o f the European Commission's Marine 
Science and Technology Programme, the [RONAGES ("Iron Resources and Oceanic Nutrients -
Advancement of Global Environment Simulations") programme was initiated in response to the 
need for such studies. The work reported hereafter is the result of two collaborative research 
cruises, both of which took place in 2002, designed to examine shelf ('Iron From Below' cruise, 
Chapter 5) and atmospheric ('Iron From Above' cruise. Chapter 6) iron inputs into the North 
Atlantic Ocean. 
The results from the investigation of iron speciation in the two study areas chosen are reported in 
the following chapters along with the joint aims, hypotheses and an account o f the work conducted 
in the North East Atlantic. The shipboard sampling and data collection methods employed during 
the cruises are included along with details of physicochemical data and nutrient distributions. The 
iron biogeochemistry of the two study areas is discussed in terms of the geographic and 
hydrographic features of the North East Atlantic and the dFe distributions found in this region are 
compared to past studies. 
The 'Iron from Below' cruise look place on the RV Pelagia (The Netherlands) from the 11* March 
2002 to the 3"* April 2002 on the European continental shelf and the deep waters of the north o f the 
Bay of Biscay. This area is characterised by a broad continental shelf with a steep slope that 
extends down to - 4500 m. The major water mass transport at the shelf break is caused by a 
northward slope current which flows at a velocity of -5 cm s'' and tides cause strong internal 
waves at the shelf break, ^^''^-^^^'l Processes such as mixing o f shelf and open ocean waters and 
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sediment resuspension are likely to play an important role in iron cycling in this region. 
F i g u r e 5.1 Study a r e a for the Iron from Below' , I ronages C r u i s e M a r c h 2002 
a) Study site location 
(ICttTO 
4 8 0 
4 7 0 
46.0 
S»atKin2B 
(5000m) 
SufKe (teh) SMions 
InCTlVGoFtoCaBiaatonft 
4 5 0 
-100 -8.0 -6.0 -4.0 
L o n g i t u d e 
-2 0 
b) Vertical profile of the shelf t ransect 
(vertical lines indicate cast positions) 
Longi tude 
The overall aims of the voyage were *to define the transport o f dissolved iron emanating from the 
marine sediments into bottom waters' and then evaluate the transport via vertical and lateral mixing 
into intermediate and surface waters Supporting data was provided by workers from the Royal 
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Netherlands Institute for Sea Research (RNIOZ) and included underway and CTD physical data, 
dissolved oxygen and nutrient data. 
Sampling of the water column was conducted over a transect in an area that was considered 
sufficiently far from the European continent to reduce risk of interference from any major temporal 
fluctuations from fluvial Fe sources. The transect was approximately perpendicular to the contours 
of the European Continental Shelf in the Chapelle Bank area. Vertical profiles were sampled at 15 
stations positioned along a transect line which extended into the abyssal plane o f the Bay of Biscay 
between 47°6rN, 4°24'W to 46°00'N, 8°0I 'W, over which the depth o f the water column 
increased from -100 to 5000 m (see Figure 5.1). Hourly discrete and near real-lime underway 
surface water sampling (-5 min lag time) was conducted between stations using the towed fish, 
deployed alongside the starboard side of the ship. 
Following the vertical section transect, a final surface water transect was carried out over the shelf 
and through the English Channel (46 "T^ J, 8 °W to 52 '^J, 4°W). Similar to the shelf transect, 
underway filtered surface water samples were taken throughout this transect from the towed fish 
supply. DFe was detennined at the shore-based laboratory using the method discussed in Chapter 2. 
5.2 Sampling and methods 
5.2.1 Cast samples 
A summary o f the sample collection and processing is shown in Figure 5.2. Cast samples for Fe(U) 
and dFe (Fe(II) and Fe(ILI)) were taken from pre-cleaned, PTFE coated PVC 12 L GoFlo bottles 
(General Oceanics, FL). These were mounted either on a new stainless steel, epoxy-coated CTD 
frame with a new stainless steel cable or directly onto a Kevlar wire. After recovery of the bottles 
they were mounted inside the storage cabinets, placed in the clean air container and a filtered 
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nitrogen overpressure was used to filter the sample water. Sample processing was completed within 
11/2 hours of collection. 
Discrete cast samples were taken for dFe after filtration through Sartobran^" cartidges (0.2 \im pore 
size, Sartorius). Ultra-fihered samples (<0.02 jim) were obtained after ftirther in-line filtration 
through 25mm Anotop'^ *'^  syringe filters. These had been previously rinsed al 2 mL min'' with 30 
mL of 0.1 M HCl, 60 mL of H2O and 60 mL of sample. 
Fe(II) determinations were made immediately after the samples were brought on-deck by pumping 
fresh unfiltered samples directly through a Gelman™ syringe filter (0.2 ^m pore size, PTFE 
membrane) into the flow injection analyser. This allowed measurements to be made within 20 
minutes of sampling. Deep water Fe(II) samples were stable for > Ihour, i f kept at their original 
temperature. DFe (Fe(II) + Fe(III)) in the filtered and ultra-filtered samples was determined in a 
shore based class 100 clean room after a 3-month acidification period (pH 1.8, quartz distilled HCl 
in acid washed LDPE bottles) and a 12 h sulphite reduction step. 
5.2.2 Surface water sampling 
Surface water sampling was conducted whilst the ship was steaming (-12 knots) using a trace 
metal clean towed fish connected by PTFE tubing to a PTFE bellows pump (Almatec A-15, 
Germany), which provided a flow rate of approximately 3 L min"'. The pump was driven by a 
compressor (Jun-Air, Denmark, model 600-4B) operating at 1.5-2 bar pressure located in the clean 
van. This underway pumping system ran continuously during the cruises. Sample water for dFe 
analysis was then filtered on-line through a 0.2 \im filter cartidge (Sartobran™, Sartorius) and 
collected in acid washed LDPE bottles (Nalgene). Sample water for Fe(n) analysis was taken in-
line fi-om a supply of unfiltered water delivered directly to the clean room and analysed after 
filtering in-line via a 0.2 j im pore size, syringe filter (Acrodisc™, Gelman, PTFE membrane) 
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coupled to the flow injection manifold. This allowed measurements to be made within 5 minutes of 
sampling. 
Al l sample handling was done using trace metal protocols, either in an over-pressurized class 100 
laminar flow hood or beneath fihered air inside a clean container. Samples were analysed using an 
automated flow injection analyser for Fe(ir) determination (detailed in Chapter 2) which was 
adapted to allow dFe measurements using the method reported by Bowie (1998). A l l 
measurements reported for both the Fe(ll) and dFe methods are the mean values of 3 or 4 replicates 
(where peak height has been measured) and error bars represent two standard deviations (2a) 
unless stated otherwise. 
Figure 5.2 S c h e m a t i c of sh ip-board s a m p l e p r o c e s s i n g 
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5.2.3 Operationally deflned redox and size species 
Iron concentrations reported by the marine science community are operationally defined by the pre-
treatment that they have undergone before analysis and by the analytical method used. The 
abbreviations used in the text are described in Table 2.3. Fe{II) is often shown as a percentage 
fraction of dissolved iron (i.e. (Fe(n) / dFe) x 100%). and abbreviated as %Fe(II). 
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5.3 Dissolved iron distribution 
5.3.1 Vertical distribution of dissolved iron - Deep casts off the shelf 
Deep water casts were made between 8.0 and 6.0 "W to determine the effect o f the slope on the iron 
speciation and dFe concentrations of adjacent waters. The temperature and salinity profiles of the 
water column in the deep waters adjacent to the shelf (Figure 5.3) indicated intrusions o f low 
salinity, high oxygen Labrador Sea Water (LSW) between 1500 and 2300 m. Whereas a strong 
oxygen minimum (ca. 185 ^ M ) and high salinity (35.5 - 37.5) Mediterranean Outflow Water 
(MOW) occurred at 750 - 1000 m. The latter was also observed as a permanent feature in the 
Goban Spur area from January 1994 to September 1995 by Hydes et al. Unstratified surface 
waters were observed (Figure 5.4) o f f the shelf due to strong winter mixing caused by high winds 
and heavy seas at the time of the study. 
Figure 5.3 Salinity and dissolved oxygen versus potential temperature for deep water cast southwest of 
La Chapelle Bank (staUon 28) 
34.75 
14 
12 
I 6 
35.25 
Salinity 
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Dissolved Oxygen (pg/L) 
Dissolved Oxygen •Salinity | 
Dissolved iron vertical profiles for cast stations 26 {46"" 52'N, 6" 00' IV), 28 {46" 00'N, 8" 00' IV) 
and 44 {46** 54' N, 5° 54' IV) in the deep waters of the Bay of Biscay are shown in Figure 5.4 along 
with supporting data. Similar to phosphate and nitrate profiles (Figure 5.4(d)), dFe was depleted in 
the surface waters of this area and concentrations were generally < 0.6 nM at depths above 500 m. 
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Figure 5.4 Vertical profiles showing the distribution of dFe and major nutrients off the European Continental Shelf in the NE Atlantic 
Ocean (Stations 26 (46*» 52' N. 6° 00' W). 28 (46*' 00' N. 8^ 00' W) and 44 (46« 54" N, 5° 54' W)) 
(a) (b) (c) (d) 
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temperature salinity - O - dissolved oxygen O DFe Station 26 • DFe Station 28 • DFe Station 44 phosphate nitrate 
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DFe concentrations in intermediate and deep waters ranged between 0.5 and 1.4 nM and showed 
little oceanographic consistency with other physicochemical parameters. The greatest variability in 
dFe observed between 1000 and 2500 m. Similar dFe profiles at these depths were reported by 
other workers using a different FI-CL method, as a part of the same study. These workers 
hypothesised that the elevated concentrations were due to advection of benthic iron enriched water 
by the lateral movement of Labrador Sea Water (observed as oxygen maximum at -1800 m in 
Figure 5.4(b)) southwards along the shelf. Furthermore, the concentrations and variability seen 
in these intermediate waters during our study were similar to those reported in the North East 
Pacific shelf waters for three stations of f the west coast of North America (0.6 - 1.5 nM, < 500 m. 
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Due to the analytical precision of the measurements (ca. 5 % ) , no other differences in dFe 
concentrations were distinguishable in the deep-water masses in this area. However, in agreement 
with the data reported in the literature for other regions in the North Atlantic Ocean (0.5 - 0.8 nM, 
see Table 4.3), less variability in dFe concentration was observed in deep waters (<2500 m). This is 
further evidence that an equilibrium between dissolved iron, organic ligands and particles/colloids 
exists in the deep water column (see Chapter 1, Section 1.4). 
5.3.1 Vertical distribution of dissolved iron on the shelf slope 
The vertical distribution of dFe on the shelf slope is shown in Figure 5.5. The largest dFe gradient 
was observed between o f f shelf surface waters (<0.3 nM) and the shallow well-mixed waters on the 
shelf (>1.0 nM). Dissolved Fe concentrations below the euphotic zone were between 0.5 and 1.4 
nM and the highest concentrations were found in near-bottom samples from the shelf break and in 
patches within the intermediate waters near to the slope. The high concentrations on the shelf break 
were considered to be a result of diffusion and sediment resuspension caused by high energy tidal 
and storm mixing. These results compare well with enhanced dissolved Cd, Mn, Co and Cu 
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distributions observed at the sea bottom on the Hebridean ^^ -^^ ^^ ^ and the Celtic Sea shelf breaks. 
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Figure 5.5 Dissolved iron distribution over the south west European Continental Shelf 
( Section Plot, Ocean Data View. Schlitzer (2004 ) ^ 
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High iron dissolution fluxes (ca. 50 nM m'^ s"') from porewatcrs in the shelf sediment / seawater 
interface have been observed on the North East Atlantic shelf slope, hence, this is a likely 
cause of the enrichment detected near the upper slope (along with Fe(II) data, see Section 5.4). 
However, the lack o f elevated dFe values or concentration gradients found close to the lower shelf 
slope and in deep waters in this study suggest that this is not the mechanism responsible for higher 
dFc patches in overlying intermediate waters. Furthermore, no obvious relationships were observed 
between intermediate and deepwater dFe concentrations and physico-chemical master variables 
(temperature, salinity and dissolved oxygen) 
An increase in particle flux with depth (>1000 m) related to lateral fluxes of resuspended material 
from the upper slope was observed in the Goban Spur area north o f the Ironages smdy site (1993-
1996 ). The results showed that the main particle flux occurred from the upper slope and shelf 
break in a seaward direction to the foot of the slope and varied with topography Particle flux was 
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generally as high in the near bottom water at the foot of the slope as it was in intermediate waters. 
However, particles were reported to be more refractory in the former suggesting chemical 
processing occurs as the particles move downward through intermediate waters. This is supported 
by the observation of highly efficient mineralization of organic particles in the water column near 
the slope. 
The high dFe patches observed in this study were considered to be caused by either i) the 
remineralization of organic matter or dissolution of colloids as they pass through the low oxygen 
environment (500 - 2000 m) or ii) the sinking and advection o f small (<0.2 j im) 
lithogenic/organic colloids directly from the shelf slope detected as a part of the dissolved iron 
fraction. Laes et al. reported an inverse relationship between dFe concentrations and apparent 
oxygen utilization in intermediate and deep waters for stations 27, 28 and 47 of this study. Based 
on these findings these workers suggested that process ( i i) (i.e. the sinking/advection o f colloids) 
occurs due to currents moving alongside the shelf that pass through nepheloid layers at 
intermediate depth. 
5.3.2 Horizontal distribution of dissolved iron along a transect bet\veen shelf waters and 
North East Atlantic surface waters 
Significant temperature and salinity gradients were observed between the coastal waters o f the 
North Sea, the English Channel and the North Atlantic across the slope into the abyssal plain. The 
lowest salinity/temperature waters of the English Channel and southern North Sea were due to high 
riverine and rain inputs typical of early spring. The dFe distribution in the surface waters (2 - 4 m 
depth) was determined for a transect fi-om station 28 (8.0 "W, 35.9 °N) and the coast o f the 
Netherlands (3.9"W 27.6°N) (Fig. 5.6). 
A clear inverse relationship between depth and dFe concentration was observed along a transect 
from the deep North East Atlantic waters to the English Channel, showing that enhanced dFe 
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concentrations are maintained in shallow waters as a result of riverine and benlhic inputs (Figure 
5.7). The highest concentrations (> 2 nM) were observed in the waters near the coast of the 
Netherlands, where salinity data indicated a strong riverine influence. 
Figure 5.6 Variation of surface dPe and salinity for a transect between the open ocean 
(8.0 °W, 35.9 °N) and the coast of the Netherlands (3.9°W 27.6<'N) 
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The highest dPe and salinity gradient west of 0.0 ° longitude occurred inshore of the continental 
shelf break between 4.0 and 7.0 ° W and was a result of mixing of less saline, iron rich English 
Channel shelf waters with North East Atlantic surface water. A ~5 fold increase in dFe 
concentrations was seen between open ocean and shelf waters. This was similar to the 1-5 fold 
enrichments seen for Cd, Ni , Cu and Mn in previous studies of the European Continental Shelf. 
1254256.259] - j ^ ^ j ^ j g f j p e j lateral gradient between shelf and open ocean waters for iron on shelf 
breaks has also been observed for iron distributions on the New Zealand shelf In addition it 
supports the data of Hydes et ai who did not find large-scale transport of water across the shelf 
break in this region despite severe winter storms. 
Figure 5.8 shows the surface water dFe and salinity data for three repeat transects over the shelf. 
The position and gradient of the chemical fronts in relation to the shelf break varied spatially, even 
in the small area covered by these transects, and it is reasonable to assume that these wil l also vary 
seasonally as suggested by Le Gall et al. '^^''^ 
Figure 5.8 The influence of the continental shelf slope on the variation of dFe and salinity between the 
English Channel and open ocean surface waters 
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A plot of dFe concentrations versus salinity (Figure 5.9) showed near conservative mixing (R^ = 
0.57) of the element between the English Channel and the open ocean. However, the salinity and 
dFe data determined in the low salinity coastal waters of the North Sea did not compare well with 
this relationship (e.g. salinity = 27, dFe = 2.5 nM, data not shown). Similarly, the y-intercept of 40 
nM does not compare well with estimated river concentrations (e.g. global mean riverine Fe 
concentration o f - 1 ^.M ). suggests that other physico-chemical factors control dFe concentrations 
in the eastern English Channel and Southern North Sea waters over the mixing gradient. This is 
supported by the observations o f Tappin et a/., who reported a poor relationship between dFe 
and salinity in the southern North Sea and suggested the variance of dFe concentrations in this 
region were due to seasonal benthic inputs rather than riverine inputs. 
Figure 5.9 dFe versus salinity for surface waters between the English Channel (1.2 °E, 50.4 °N) and 
the North East Atlantic Ocean (8.0 °W, 35.9 °N) 
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5.4 Dissolved iron redox speciation 
5.4.1 Vertical changes in iron redox speciation - off the shelf 
The Fe(n) vertical profiles at stations 26 {46"" 52' N, 6" 00' W), 28 {46"" 00' N, 5" ' «0 and 44 
{46"54' N, 5"" 54' W) (Figure 5.10) showed similar trends to the dFe profiles. Low surface water 
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Fe(ll) concentrations (10 -35 pM) were observed, increasing to ca. 20 - 75 pM in intermediate and 
deep waters. Fe(II) formed a constant proportion of the dFe fraction (5.6 ±2.5 % ) throughout the 
water column at these stations. No obvious correlation was observed between the %Fe(II) fraction 
and either dissolved oxygen or temperature, although %Fe(II) decreased marginally with depth. 
Figure 5.10 Vertical profiles showing the redox speciation of dFe near the European Continental Shelf in 
the NE Atlantic Ocean. 
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The physicochemical data for the deep-water casts at stations 26, 28 and 44 were used to create an 
equilibrium model for dissolved iron redox species using equations 4.1 - 4.3 (Chapter 4). No pH 
measurements of the water colimin were made during the cruise, so the range o f pH 8.0 - 8.2, 
found for historical pH data measured over the period 1910 - 2000 for this region (45 - 50 5 -
10 °W, NODC ^^"^) was used. 
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Figure 5.11 Equilibrium model predicting dFe redox speciation assuming the free aqua ions' and 
physicochemical data from station 28 (46.0 '^N, 8.0 °W). 
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Figure 5.12 Calculated Fe(ll) fraction for varying standand reduction potential for surface (40 m 12.6 °C) 
and deepwaters (3000 m, 2.7 **C) at pH 8.0. 
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According to the model, the pE of seawater increases from 13.4 ±0.1 to 14.1 ±0.1 between 0 and 
5000 m, mainly as a result of decreasing temperature (Fig. 5.11). This caused a decrease in %Fe(II) 
of between 0 - 40 % of the surface water value (shown in Fig. 5.11 as a maximum decrease from 
70 - 40 %Fe(Il) where the free aqueous Fe(II) and Fe(III) couple are used). This is similar to the 
trend observed for the data. The model also demonstrates that complexes capable of stabilising a -5 
% Fe(ll)/(Fe(II) + Fe(lir)) fraction under these conditions would require a standard reduction 
potential of > +0.65 V (see figure 5.12). However, the known standard reduction potentials of most 
natural iron chelates are between -0.5 and +0.2 V (e.g. Fig. 1.5). 
This discrepancy can be accounted for by the following three hypotheses: Firstly, the iron redox 
speciation in deep waters is controlled by solid phase reactions such as physically and biologically 
mediated dissolution from particles (e.g. steady state Fe(Il) concentrations caused by the high 
solubility of Fe(ll) compared to Fe(lll) and slowed oxidation kinetics at low temperature). 
Secondly, the strong complexes that form the major part of the dissolved Fe pool have high 
reduction potentials (i.e. > +0.65 V) and thirdly, the Fe(n) fraction is misrepresented either by the 
model or by the analytical method. 
5.4.2 Vertical section of iron redox speciation on the shelf slope 
Similar to the o f f shelf data, there was little correlation between %Fe(ll) and temperature, salinity 
and dissolved oxygen was observed hear the shelf slope. However, higher Fe(ri) concentrations 
were observed on the shelf break (Fig. 5.13). These results provide strong evidence that intense 
iron dissolution from sediments occurs in this area. This may be caused by the nature of the benthic 
boundary layer in the upper slope. Higher flow velocities, bioturbation and anoxic bacterial 
mineralisation were found as common features for the upper slope sediments (< 1000 m) o f the 
nearby Goban Spur region. 
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In contrast, deep water samples taken within 50 m of the sea floor in the abyssal plain o f the Bay of 
Biscay (46.0°N, g.O '^W to 46.6**N, 6.4°W) showed no clear enrichment o f Fe(II) or dFe. This may 
be due to low bottom resuspension and deep oxygen penetration in the sediments and consequently 
low pore water dFe and Fe(II) fluxes. 
Figure 5.13 Iron redox speaation and physico-chemical variables over the European Continental Shelf 
( Section Plot. Ocean Data View, Schlltzer (2004 ) ^ ) 
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On the shelf break the highest Fe(II)/{Fe(n)+Fe(III)} fraction in the dissolved iron pool was nearly 
30 %, a value far higher than would be predicted for most oxic open ocean waters, hi order to 
estimate a minimum rate for Fe(II) production in this area, it was assumed that diffusion, advection 
away from the shelf break and reduction o f dissolved Fe(lll) species were negligible. Therefore, i f 
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the interactions between the seawater and suspended sediments were at a pseudo steady state, the 
following rate equation equates to zero: 
d[Fe(ri)]/dt = k^dimcnts - [Fe(n)] (5.1) 
where kscdimcnts is the zero order rate constant for the input of Fe(II) from suspended sediments and 
kox is the oxidation rate constant. A zero order rate constant is appropriate for this calculation as 
dFe concentrations in benthic flux chambers have been reported to vary linearly with time (R^ = 
>0.7 for 77 % of observations ). Therefore, i f the Fe(II) concentration in the bottom 1 m"* o f the 
water column was 150 pM and the temperature dependant oxidation kinetics described by Millero 
et al. [C I ] ref are used, the minimum flux of Fe(n) from the bottom sediments at this time would 
be ca. 12 p.M m"^  per day. This is not an unrealistic estimate as Fones et al. reported sediment 
surface dFe fluxes as high as 4.3 mM m'^ d ' on the slope o f the European S h e l f a n d Elrod et al. 
'^ ^^ ^ determined mean dFe flux of between 0.5 - 15 \\M m'^ d'' in benthic flux chambers in 
Califomian Shelf waters. 
The long-term fate o f the dFe produced from Fe(II) fluxes on the slope is uncertain and depends on 
whether it is stabilised by complexation or precipitated after oxidation. However, based on these 
findings, winter mixing on the shelf break is potentially a significant source o f dFe to the surface 
waters o f the North Atlantic margins and provides an alternative explanation for the elevated dFe 
concentrations observed in nearby intermediate waters. 
5.4.2 Surface redox speciation between shelf waters and North East Atlantic surface waters 
Redox speciation was also examined during the surface transect over the European Continental 
Shelf (Fig. 5.14) from the north o f the Bay of Biscay (46.0 " N . 8.0 °W) to the coast o f the 
Netherlands (52.4 ®N, 4.2 °E). The results from this transect show that surface water concentrations 
of Fe(II) increased simultaneously with dFe over the shelf from the North East Atlantic into the 
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shelf waters of the English Channel. 
The Fe(Il) surface data showed a high degree of variability but %Fe(ll) was similar to that of deep 
and intermediate waters (5.0 ± 2.7 % ) . No correlation was observed between solar radiation and the 
Fe(n)/dFe ratio for the transect east of the Strait of Dover (2-5 ''E) or in the surface waters o f f the 
shelf (R^ < 0.4). However, Fe(II) concentrations showed a diurnal trend in the low salinity waters 
of the Scheldt river plume, where no significant changes in dFe or salinity occurred between 1.5 
and 3.4 °E but elevated concentrations o f Fe(Il) were observed. The most probable cause of this 
was direct and indirect photochemical reduction o f Fe(IlI) facilitated by high concentrations of 
dissolved and colloidal organic matter delivered by the river plume. 
Figure 5.14 Iron redox speciation. salinity and photosynthetic active radiation (PAR) in the European 
Continental Shelf surface waters. 
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I f it is assumed that all the Fe(II) determined between 2.0 and 3.5 °E was due to photoreduction 
reactions and that {[dFe] - [Fe(ll)} represents complexed dissolved iron (Fe(llI)L), then a simple 
rate expression (Equation 4.5) can be used to describe the system (Equation 5.2). 
k h v " " ' • = k , , [Fe(II)'] / [Fe(m)L] = JFe(II ) ] / ([dFe] - [Fe(II)] ) (5,2) 
• \h\\ cannot be determined from PAR measurements 
Using the temperature dependant oxidation kinetics described by Millero et ai, kox for the 
Channel waters in March 2002 was calculated to be 0.027 s'' (temperature ^ 9.3 ''C, salinity = 
30.56, dissolved oxygen = 260 | i M , pH 8.0). Hence in these waters Fe(II) had a half-life o f 25 min. 
I f a steady state Fe(II) concentration of 100 pM is used in the model (Equation 5.2), along with a 
dFe concentration of 1.10 nM (mid day concentrations found at 2.5 °E), then the upper limit for the 
conditional first order photo-reduction rate constant (khv ''°'^) is -2.5 x 10"* s*'. I f the calculated 
value is extrapolated to estimate photoreduction of dissolved iron in the open ocean surface waters 
olTthe shelf where dFe was -0.3 nM, maximum steady state concentrations o f 25 pM would be 
predicted. This was close to the detection limit of the FI-CL method (5 - 12 pM) and the scatter of 
the data and thus, together with the lower PAR values seen in these waters (see Fig. 5.14), explains 
why no clear diurnal trends in the Fe(I]) data were seen in these waters. 
This khv""^ value found is 1-2 orders higher than previously reported first order photoreduction 
constants for colloidal iron (e.g. 2.3 x 10^ s*' '^*) and for dissolved iron in coastal seawater 
(e.g. 6.3 X 10^ s"' ' ^ " ' ) . However such differences are expected due to variable seawater speciation, 
turbidity, operationally defined iron fractions, different light regimes and different treatments of the 
kinetic model. 
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5.5 Conclusions 
5.5.1 Dissolved iron distribution 
1. The o f f shelf vertical distribution showed depleted dFe in the surface waters (0.1 - 0.6 nM), 
variable concentrations at intermediate depth (0.5 - 1.4 nM, 1000 - 2500 m) and values in 
agreement with those reported by other workers for deep waters (0.5 - 0.8 nM). 
2. On the shelf slope, elevated dFe concenU-ations were observed in near bottom waters at the shelf 
break (0.75 - 1.0 nM) and in patches of intermediate waters (1000 - 3000 m). These higher 
concentrations on the shelf break were indicative of sediment resuspension and benthic diffusion 
similar to observations made for New Zealand and Califomian shelf waters. Elevated 
concentrations in intermediate and deep waters are consistent with increased particle fluxes with 
depth. 
3. A 'trace metal front' was observed in the surface waters over the shelf slope (7.0 - 4.0 °W) 
which had an inverse relationship with salinity (r^ = 0.57) and was primarily a result of mixing 
between depleted open ocean surface waters and enriched shelf waters. 
4. The relationship between dFe and salinity observed between the North Sea and the European 
Continental Shelf was non-linear suggesting factors such as benthic inputs and scavenging 
controlled dFe concentrations in this region, rather than mixing. 
Based on these findings and those of other workers mentioned above, 1252^54-257) ^ j ^ ^ 
from the continental shelf to the open ocean is likely to vary temporally and spatially and is not 
simply sustained by an equilibrium between shelf sediments and the overlying waters. Therefore, 
further insight into the flux of dFe from shelf waters may be gained by studying iron transport via 
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particle and colloidal fluxes using particle filtration, sediment traps, benthic flux chambers and 
moorings near the shelf. I f the main enrichment of dFe occurs via advection of colloids then a 
steady slate dissolved/particulate model could be combined with water column downward particle 
fluxes obtained via field studies. In addition, differences in isotopic ratios may also help to track 
lithogenic iron originating from the shelf. 
5.5.2 Dissolved iron redox speciation 
1. Fe(Il) concentrations were 1 0 - 3 5 pM in the surface waters and 20 - 75 pM in the intermediate 
and deep waters o f f the shelf. Surface concentrations of Fe(II) increased over the shelf from the 
Northeast Atlantic into the shelf waters of the English Channel, where concentrations were 20 -
200 pM. Fe(n) was observed as a constant fraction of dFe in both the surface waters on the shelf 
(mean = 5.0 %, a = 2.7 % ) and throughout the water column of f the shelf (mean = 5.6 %, a = 2.5 
% ) . 
2. A reasonable agreement was found between the trends of %Fe(n) determined in the water 
column and the predicted %Fe(lI) from a thermodynamic equilibrium model that assumed the 
existence o f a dominant class of ligand. However, the model also predicted that to stabilize the 
observed 5 % Fe(Il) fraction in the dissolved iron pool under the conditions found, complexes 
would require a standard reduction potential of > +0.65 V. Therefore, assuming the Fe(II) 
concentrations found in these waters were not misrepresented either by the model or by the 
analytical method, either the Fe(II) fraction in these waters was stabilised by unknown ligands or it 
was controlled by kinetic processes such as dissolution and remineralization. 
3. Elevated Fe(ll) concentrations as high as 30 % of the dissolved iron pool were found on the shelf 
break and were attributed to the dissolution of Fe(II) from anoxic sediments. The minimum flux o f 
Fe(II) released from these waters was estimated to be 12 ^ M m'^ d"'. The same high Fe(II) 
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concentrations were not observed for near bottom samples taken from the lower slope and abyssal 
plane. 
4. A diurnal trend that caused %Fe(n) to be as high as 10% was observed in the Scheldt river 
plume. An upper limit for a conditional first order photo-reduction rate constant (khv *'°"*') was 
calculated as -2.5 x 10"^  s"' for these waters, when Fe(II) had a half-life o f -25 minutes. 
The data shown here show the significance of pholoreduction and sediment diagenesis as sources 
of Fe(II) in shelf waters. Based on these findings, winter mixing and dissolution of Fe(II) from 
sediments on the shelf break are potentially significant sources o f Fe(II) and dFe on the North 
Atlantic margins and provides an altemalive explanation for the elevated dFe patches observed in 
nearby intermediate waters. However the ultimate fate of the Fe(n) and dFe species produced in 
these waters depends on whether they are stabilised by complexalion or precipitated after 
oxidation. 
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CHAPTER 6 
Redox speciation and distribution of dissolved iron in the 
Canary Basin 
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6.1 Introduction 
The Canary Basin is a sub-tropical oceanic region with warm, high salinity, stratified surface 
waters. The dominant winds in the Canary Basin are the trade winds from the North East and these 
cause significant upwelHng along the North West African coast as well as mobilizing large 
quantities of dust from arid regions in North Africa across the Atlantic Ocean. 
It has been estimated that over a million tonnes of dust (> 40,000 tonnes of Fe) are deposited in the 
Canary Island region every year. However, deposition is sporadic, occuring in pulses of 3-8 
days and is highest during winter and summer (42 and 29 % of the annual deposition occurring 
between January - March and July - September, respectively). The high aerosol deposition in 
this area causes elevated fluxes o f particulate iron in surface and deep waters, compared to those of 
other regions of the Northeast Atlantic. Indeed, average particulate iron fluxes in the water 
column of the Canary Basin were reported to be nearly a factor o f -4 higher than those observed in 
stations between 30 - 55 ^ . 
The residence time of atmospheric derived dFe in the sub-tropical surface ocean has been estimated 
to be in the order of weeks (9 - 54 d '^^') to months (60 - 300 days "«^''^^»). Therefore, despite 
periods of high atmospheric deposition fluxes, the dominant processes that control iron speciation 
and distributions in surface waters of this area may vary seasonally. 
The 'Iron from Above' cruise took place on the RV Pelagia (RNIOZ, The Netherlands) from the 2""* 
October to the 31*' October 2002 in the Canary Basin. During the cruise a survey was conducted in 
an area west of the Canary Islands (see Section 6.2) and biological and physico-chemical 
measurements were made. In addition, Turkish atmospheric dust (Erdemli, Turkey) was used for 
solubility experiments in unfiltered and ultra-filtered (<30 kDa) surface water, collected underway. 
The specific aim of the work reported in this chapter was to determine redox and size-fi^ctionated 
140 
iron species in the Canary Basin and relate their distribution to atmospheric, hydrographic and 
physico-chemical data. 
6.2 Sampling and methods 
Underway surface water and shallow cast samples (0 150 m) were collected along a defined grid 
(25 - 32 and 18 -24 ^ ) west of the Canary Islands in the Eastern North Atlantic (Fig. 6.1). 
F i g u r e 6.1 Study area for the Iron from Above'. Ironages Cruise October 2002 
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All casts took place between 08:30 and 09:30 am (local time) except for casts 13 and 15, which 
took place at 13:30 and 15:00, respectively. Underway sampling took place between stations and 
hence Fe(ll) was determined during overnight transects. Samples for dFe and Fe(Il) (<0.2 ^m) 
were processed and analysed using the same methods as in the Ironages Research Cruise II 
(Chapter 5). 
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In addition, cast samples were ultra-filtered with in-line, 0.02 ^im pore size filters (PTFE 
membrane, 25 mm diameter, Anotop"^", Whatman) to examine a lower molecular weight soluble 
size fi^ction dFe(<0.02 ^m). Prior to use, these filters were cleaned in-line according to the method 
of Wu et ai by washing each filter with 30 mL o f 0.1 % HCI followed by 60 mL of UHP 
water and 60 mL of sample. 
Small colloidal iron was determined by calculating the difference between the two filtered fractions 
(i.e. small colloidal Fe = dFe(0.2 \ym) - dFe(0.02 ^im)). The sum of the precision on the two 
analyses was generally between 5 and 20 %, hence the data was used only for qualitative 
interpretation. The methods used for dust dissolution experiments are described separately in 
Section 6.7. 
The atmospherically processed dust used for all dissolution experiments was a -2 g homogenised 
bulk sample collected on the 11**' April 2000 in Erdemli, Turkey, using a 1 m^ nylon mesh screen 
mounted on the top o f a 21 m sampling tower. The dust was reported to have originated from the 
Saharan Desert and was characterised in terms o f particle morphology, size distribution and 
major minerals. The bulk dust sample was stored frozen (-20 °C) and was weighed into 
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polypropylene vials for Fe dissolution ship-board experiments using a four figure balance at the 
land-based laborator>'. 
Figure 6.2 World Aerosol optical depths for summer 2002 (0 47 microns, monthly means) 
Data from http //modjs-atmos gsfc nasa gov/IMAGES 
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Atmospheric dust deposition events were monitored using meteorological forecasts and satellite 
imagery of dust storms (using AVHRR, TRMM and SeaWiFS). The aerosol flux to the Canary 
Basin at the time of die smdy (October 2002) was low compared with that observed in the summer 
months (June - September) o f 2002. This is illustrated by the satellite data shown in Figure 6.2 
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where the monthly mean optical depths for the Atlantic Ocean during the summer/autumn period in 
2002 are presented. No major aerosol and/or rain events occurred during the study. Al l supporting 
data was provided by workers from the Royal Netherlands Institute for Sea Research (RNIOZ) and 
included underway and CTD physical oceanographic parameters, dissolved aluminium, nutrients 
(phosphate, nitrate, nitrite and silicate), flow cytometry (PCM), pulse amplitude modulated 
fluoromelry (PAM) and nutrient uptake. 
6.3 Distribution of dissolved iron species in intermediate and 
deep waters 
A deep-water cast was conducted at station 10 (31.7 °N, 22.0 °W) at the northern part o f the 
sampling grid. An intrusion of high salinity Mediterranean Outflow Water (MOW, salinity = 35.6, 
temperature 7-10 °C) was observed at intermediate depth (600-1500m, Fig. 6.3) associated with 
nitrate, phosphate and silicate maxima. DFe concentrations varied from 0.3 - 0.4 nM in surface 
waters (0-150 m) to 0.5 - 0.6 nM in deep-waters, with no maximum associated with the MOW 
water mass (Fig. 6.4). 
F i g u r e 6.3 Salinity versus potential temperature for a deep-water cast at Station 10 in the Canary Basin 
Salinity 
37.5 
The intermediate and deep water dFe concentrations showed oceanographic consistency and 
compared well with those reported for a stations located at 47 °N, 20 °W (Martin et al., 0.5 - 0.6 
nM, 1000 - 3000 m and 34.8 °N, 57.8 (Wu and Boyle, 0.6-0.8 nM, 1000 - 3000m 
The ratio between dFe and nitrate concentrations for the depths sampled (0 - 4000 m) was 0.011 
nM dFe / ^ M NO3 (R^ = 0.80) and was similar to the ratio reported by Martin et al. for the Gulf of 
Alaska (0.014 nM dFe / ^ M NO3 ''°*). Therefore the profile demonstrates a strong link between 
both uptake and regeneration (nutrient type biogeochemistry) and scavenging (see dAl data. 
Section 6.4). 
F i g u r e 6.4 Dissolved iron (dFe) and nutrient profiles for Station 10(31.7**N, 22.0 ^W). 
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Fe(II) concentrations were lowest in the euphotic zone, between 5 pM (detection limit for these 
analyses) and 21 pM, and between 10 and 40 pM at depth. The mean %Fe(II) value for all samples 
in station 10 was 4 .1% (a ±2.5 % ) . These values were lower than those found in the deep waters o f 
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the Bay of Biscay during the 'Iron From Below' cruise (10 - 35, 20 - 75 pM and 5.6% (o ±2.5 % ) 
respectively). 
Delemiination of soluble (dFe <0.02 ^m) and small colloidal (dFe 0.02-0.2 ^m) size fractions 
showed that depletion o f dFe at the surface coincided with low soluble iron (<0.02 |im) 
concentrations which increased by a factor of ca. 2 with depth (0.14 nM at the surface to 0.32 nM 
at 1300 m) (Fig. 6.5). Soluble Fe concentrations were similar to those reported by Wu et t i / . , ' ^ " ' 
who observed dFe (<0.02^im) concentrations o f 0.05 - 0.15 nM in surface waters and 0.2 - 0.4 nM 
below 1000 m for two stations in the North Atlantic (22.8**N, 36.8°W and 34.8 °N, 57.8**W) and 
one in the North Pacific Ocean (22.8 °N, 158.8 °W). 
The increase in soluble iron concentrations with depth observed at station 10 may reflect the 
preference o f phytoplankton and bacteria for the soluble Fe fraction, as the most significant change 
with depth was observed at the base o f the euphotic zone (100 - 200 m). However, Wu et al. 
also determined soluble (<0.02 |im) iron binding ligand concentrations for the stations mentioned 
above and found a dramatic increase in soluble ligand concentration from surface waters (~0.1 nM) 
to a maximum at -1000 m (0.8 - 1.4 nM). Although no iron binding ligand data was available for 
station 10, an additional explanation for the increase in soluble iron concentration with depth is that 
soluble ligand concentrations (and hence also soluble dFe) are depleted at the surface, due to 
processes such as photodegradation, and enhanced at depth due to regeneration below the euphotic 
zone. 
Small colloidal iron concentrations (0.02 - 0.2 | im) did not vary significantly between 0 - 1300 m 
depth (mean ± o = 0.18 ±0.06 nM) and constituted a major portion of dFe (ca. 25 - 60%) in these 
waters. The small colloidal Fe fraction was similar to those reported for the water column of 
Northeast Pacific and North Atlantic oceans (e.g. 13 - 50%, 200-600 m ''*'^ ) and 30 - 70 %, 200-
6000 m'''^*). 
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Figure 6.5 Dissolved iron (dFe) redox and size speciation for Station 10 (31.7 "N. 22.0 °W). 
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6.4 Distribution of dissolved iron and dissolved aluminium in 
intermediate and deep waters 
A comparison of dFe and dissolved aluminium (dAl) concentrations (dAl data from Kramer et al. 
' "^ ' ) for station 10 are presented in Figure 6.6 and a reasonable linear correlation was observed (R^ 
= 0.74, Fig. 6.7). It has been hypothesised that the chemistry o f both elements below the euphotic 
zone is very similar and that this correlation is due to the similar residence times of these metals in 
the intermediate and deep waters of this region (i.e 100 - 200 y for dAl and 70 - 200 y for dFe 
(124^30]^ Assuming aluminium is not taken up by cells, the profile demonstrates the close link 
between the scavenging of Fe and A l and the transport o f biogenic matter controlled by nutrient 
cycling. However, i f uptake was occurring then there was no clear selective uptake o f dFe over 
dAl. The former hypothesis seems more viable particularly as low levels of primary productivity 
were observed at this oligotrophic station. 
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F i g u r e 6.6 Vertical profile of dissolved Iron (dFe) and aluminium (dAI) concentrations at staUon 10 
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F i g u r e 6.7 Con-elation between dFe and dAI for station 10 
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I f it is assumed that Fe and Al fluxes in this area are predominantly atmospheric and the deep water 
residence limes of Al and Fe are approximately the same, then the data also show that the solubility 
of Al in intermediate and deep waters is ca. 10-fold higher than that o f iron (when the solubility 
ratio is defined as the Al/Fe ratio divided by the estimated Al/Fe crustal ratio o f 3.8 ' " ^ ' ) . It is 
unknown whether this is constant ratio throughout the Atlantic and indeed, other ocean basins. 
6.5 Distribution of dissolved iron species in the euphotic zone 
6.5.1 Hydrography 
The upper water column in this area was well stratified with high temperatures ( 1 8 - 2 6 "C) and 
high salinities (36 - 37.5) in the euphotic zone, typical of the North Atlantic Central Water 
(NACW, as defined by Sverdrup (1942) ' " ^ ' ) . The highest salinities (>37) in the upper mixed layer 
where found in the western part of the grid. 
F i g u r e 6.8 Salinity versus potential temperature for the euphotic zone (20 - 150 m) in the study area 
station 20 
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Potential Temperature / °C 
Mixed layer depths varied between 30 and 60 m, with the shallowest (<50 m) observed in the 
northern (stations 8, 10 and 11) and south eastern part (station 20) of the sampling grid. A 
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relationship between temperature and salinity was observed when all the data were compared 
(Figure 6.8). Anomalous low salinity data were observed at Station 20 4 °W) near the North 
West African coast (i.e. the data circled in Fig. 6.8) and these were attributed to upwelling 
conditions. 
6.5.2 Variation in the sue spcciation of dissolved iron 
DFe concentrations in the euphotic zone ranged between 0.1 and 1.0 nM (see Fig. 6.9) with a mean 
concentration of 0.42 nM (n = 71). Soluble iron and small colloidal iron concentrations varied 
between 0.05 and 0.7 nM. Small colloidal iron was a major portion o f dFe in the eupholic zone of 
this region (mean ± standard deviation = 38.9 ± 20%). The variation of soluble and small colloidal 
iron data showed a skewed distribution towards lower concentrations (0 - 0.3 nM) with mean 
values of 0.281 and 0.170 nM respectively (n = 60). 
F i g u r e 6.9 Histograms showing the frequency distribution of size fractionated dissolved iron (dFe) 
species in the euphotic zone of the Canary Basin (18 - 2 4 °W and 25 - 32 "N, October 
2002). 
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Nishioka el al. ''"^ reported much lower concentrations of small colloidal Fe (200 kDa - 0.2 ^m) in 
the mixed layer of Northeast Pacific waters (0.01 - 0.06 nM). However Wu et al. observed higher 
and more variable concentrations (0.1 - 0.8 nM) in the euphotic zone for two stations in the North 
Atlantic (22.8 °N 36.8 °W, September 1999, 34.8 *'N 57.8 °W, July 1998) and a station in the North 
Pacific near Hawaii (22.8 °N 158.8 °W). Hence the small colloidal Fe fraction appears to vary 
considerably in the euphotic zone o f other regions as well as the study area of the 'Iron from 
Above' cruise. This is likely to be related to the aerosol fluxes to surface waters but may also 
reflect the variation in iron bound to colloidal organic matter. Further work is required to determine 
the significance of these variables and their effects on the small colloidal iron pool. 
6.5.3 Effect of photosyDthetic organisms on iron redox speciation in the euphotic zone 
The surface waters in the study area were stratified to a depth of --50 m (except at station 20) and 
chlorophyll and cell population maxima occurred al the top o f the nutricline. At the chlorophyll 
maxima of ca. 50% of the stations in the study area, Fe(ll) concentrations were < 5 pM (limit o f 
detection), presumably due to the rapid uptake or oxidation of dissolved Fe(ll) species, whereas 
detectable concentrations were often present in the mixed layer (0-50 m) and/or at the base of the 
euphotic zone (150 m). 
An inverse relationship between Fe(II) and chlorophyll a concentrations was found in the euphotic 
zone at stations 13, 18, 20 and 23 (10 - 150 m. Fig. 6.10). This relationship showed that the 
interaction between photosynthetic cells and Fe(lT) may have caused a depletion of ambient Fe(n) 
concentrations in these stratified waters. Linear correlations with chlorophyll a were determined for 
all dFe species (data not shown) but values were generally below 0.2. Hence the trends seen in 
the vertical profiles were probably dependant on other conditions such as the populations and 
classes of phytoplankton and bacteria, hydrography and variable iron fluxes. 
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F i g u r e 6.10 Redox and size spectation of iron in the euphotic zone in relation to phytoplankton ceil 
numbers and chlorophyll a concentrations 
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6.6 Distribution of dissolved iron species in near surface waters 
6.6.1 Hydrography 
The underway temperature and salinity data for die surface waters (5 m depth) o f the study area are 
shown in Figure 6.11 
F i g u r e 6.11 Underway surface temperature and salinity data for the 'Iron From At>ove' cruise 
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Seawater temperature vaned from 21 **C, north o f 30 **N to 25 °C in the south west o f the study 
area. Similar to the cast data, the highest salinity water (<37.6) was located between 23 - 26 °W, 
w hereas the lowest salinity water (-36.6) was found near the Azores in the north o f the study area 
Indication o f upwelling affecting the surface waters was observed in the south east comer o f the 
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study area, near the coast of North West Africa, where a sharp decrease in surface salinity and 
temperature and a decrease in the mixed layer depth were observed. 
6.6.2 Redox speciation and distribution of dissolved iron in surface waters 
dFe and Fe(Il) data for the surface water of the sample grid are shown in Figure 6.13. Generally, 
Fe(II) concentrations in near surface waters did not vary enough to observe spatial and temporal 
changes over the sampling grid (i.e. between 5 pM (LOD) and 20 pM). However, elevated 
concentrations of 30 - 60 pM were observed on several occasions such as at 20.7 °W on the 
northern transect, following a rain shower, and during a diurnal study in the southern transect 
between 11.00 and 14:00 h (local time, 20.5 - 21.0 °W). 
Figure 6.12 Dissolved iron (dFe, black squares) and Fe(ll) (grey triangles) concentrations in the surface 
mixed layer of the study area 
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Surface dFe concentrations varied between 0.15 and 0.95 nM over the sampling grid and the range 
of data compared well with those reported by Sarthou et ai (2003) for the same area in October 
2000 (0.2 - 1.2 nM '^ '" ' ) . Lower and less variable concentrations were observed in the northern and 
western transects indicating the influence of the proximity of the North West African continental 
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margin. The highest concentrations (0.5 - 0.9 n M ) were found in the south western comer o f the 
grid near to the coastal upwell ing area. 
6.6.3 Distribution of dissolved iron in surface waters versus distance from the Western 
Saharan coast. 
A n inverse logarithmic relationship between dFe concentrations in surface waters (3-6 m) o f the 
sampling grid and the distance f rom the North West A f r i c a n coast was observed (R^= 0.66, Figure 
6.13). A similar relationship was also found for concentrations integrated between 0 - 150 m depth 
(trapezium intergration) (see Figure 6.14) and distance f rom the coast, although the negative 
gradient for these data was approximately ha l f o f that found fo r the surface waters (-0.31 as 
opposed to -0.16 for surface waters). 
Figure 6.13 Relationship between dFe concentrations in surface waters (3 - 6 m depth) versus the 
distance from the North West African coast. 
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The difference in gradient is hypothesised to be due to the different biogeochemistry and residence 
times o f dFe in surface waters compared wi th the whole euphotic zone. In the more productive 
coastal areas, where chlorophyll concentrations and cell numbers were highest, it is l ike ly that a 
greater proportion o f the iron pool, between 50 and 150 m depth, was incorporated into cells. 
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Higher concentrations o f dFe in the euphotic zone compared to the near-surface waters in the north 
eastern part o f the study area may result f rom a lower Fe residence t ime in the mixed layer 
compared to the whole euphotic zone. 
Figure 6.14 Relationship between dFe concentrations In the euphotic zone (0 - 150 m depth) versus the 
distance from the Western Saharan coast. 
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6.6.4 Distribution of dissolved iron and dissolved aluminium in surface waters. 
A significant correlation between atmospheric flux and dFe was found in October 2000 during a 
transect south o f our study area (30 °N and 20 ""S, Sarthou et a!. 2003 '^'*^^). However, a direct 
comparison o f dFe concentrations w i t h aerosol flux was not possible during the ' I ron f r o m Above ' 
cruise as no atmospheric deposition flux measurements were made, i t has been hypothesised by 
several workers l ^ ^ ' ^ ^ ' l that the primary source o f d A I to the Atlant ic ocean is the dissolution o f 
aeolian dust o f continental origin. Therefore, d A I is often used as a tracer f o r atmospheric dust 
deposition in the Nor th Atlantic Ocean. DFe and a luminium ratios have been reported for the 
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surface waters o f the equatorial Atlantic by Vink and Measures (2001). These authors found 
significant covariance between d A l and dFe but more variation was observed for d A l 
concentrations ( 1 0 - 6 0 n M ) compared to dFe concentrations (0.4 - 1.4 n M ) . They hypothesised 
that the expression o f dFe i rom dust inputs is less than that o f d A l due to the more constrained 
solubility range o f iron in seawater and its removal by biological export 
Fig. 6.15 Contour map showing sea-surface dAl concentrations during the Iron from Above' cruise 
All stations are labelled as stars in the figure (Kramer et al 2004 
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hi this study, the d A l distribution in the surface waters o f the Canary Basin study area was reported 
to have higher concentrations in the north western part o f the grid (22 - 25 n M ) and lower 
concentrations in the south east (12 - 14 n M ) (see Fig. 6.15), w i d i a positive relationship wi th 
salinity. The authors attributed this gradient to the mix ing o f two water masses ( N A C W and 
Canary Current) rather than a direct result o f atmospheric deposition. 
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The d A I and dFe data had opposing lateral gradients in the surface waters o f the sampHng gr id (i.e. 
d A l increased from south east to the north west, whi le dFe decreased). This was a dissimilar trend 
to the intermediate and deep waters discussed in Section 6.4, where a vertical correlation was 
observed. The striking difference between the distribution o f both dissolved elements is further 
evidence that their residence times are significantly different i n surface waters (e.g. 3-5 yr for d A I 
'^^^•and<lyr fordFe"«^ ' ' ^«-^^^>) . 
The highest aerosol fluxes for the North Atlantic Ocean (20 - 30 °N) occurred during the summer 
(June - August 2003) and were mostly south o f the Canary Islands (see Figure 6.2) and it is 
assumed that any dFe and d A I enriched water, caused by atmospheric deposition, would have been 
entrained by the southeriy f lowing Canary Current wi th in a few months (assuming a m i n i m u m 
velocity o f m s"'). Hence it was concluded that the dFe gradient observed was not due to a 
gradient o f atmospheric flux and that the biogeochemistry o f the N A C W at the time o f the study 
may have had lit t le impact f rom the summer dust storms. 
A similar trend to the data reported here was observed in the Nor th West Pacific Ocean by Johnson 
et al. for a transect f rom California to Hawaii (March, 2001). In this study, d A I concentrations 
were reported to be ca. 6 n M at the western end o f the transect and decreased to <1 n M towards the 
east, whereas dFe decreased f rom ca. 1 n M at the coast to 0.2 - 0.3 n M west o f 130 **W. Therefore 
these opposing trends may be a common feature o f eastern upwell ing margins when no recent 
large-scale atmospheric deposition events have occurred. 
Near the North West A f r i c a n coast, upwell ing is reported to occur throughout the year between 20 
and 30 "T^ J, wi th peak intensity in July/August, and upwel l ing filaments have been reported that 
extend as far as 500 k m offshore. During this study, upwel l ing was only clearly detected in the 
south western part o f the sampling grid and due to the southward movement o f the Canary Current, 
this feature alone was unlikely to be the cause o f the dFe gradient observed. However, it is 
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hypothesised that the dFe gradient was a result o f the continuous mix ing o f N A C W w i t h iron 
enriched shelf and coastal waters o f the fterian and Nor th West A f r i c a n margin, transported 
offshore by upwell ing and advection and entrained into the Canary Current. 
6.7 Dust dissolution experiments 
The lack o f data describing the dissolution o f Fe f rom aerosol particles into seawater has meant that 
estimates o f dFe fluxes to the surface ocean are used for global iron cycl ing models. Indeed most 
global models extrapolate the quantity o f dFe delivered to ocean regions by assuming a mean 
soluble percentage o f Fe for aerosols based on a limited data set (see Section 1.3). However, it has 
become clear in recent years that the soluble Fe fraction in aerosols can vary spatially and 
according to the degree o f atmospheric processing that aerosols are exposed to. I'^^-^^^J In addition, 
although our knowledge o f aerosol Fe solubil i ty is expanding, the use o f solubil i ty data is further 
limited by the lack o f dissolution kinetic experiments conducted for natural aerosols in seawater. 
Without these data it is not possible to ascertain the impact o f atmospheric deposition on the 
euphotic zone, especially when the residence time o f particulate i ron in surface waters is estimated 
to be o f the order o f days. I'05.i98j44] 
The experiments reported here were designed to examine the dissolution o f redox and size 
fractionated iron species f rom dust and the physico-chemical effects o f the natural assemblage o f 
micro-organisms and particles in open ocean seawaler Ini t ia l ly , the kinetics o f dissolution o f Fe 
species in filtered and unfiltered surface seawater were investigated over a period o f 1 2 h 
(Experiment 1 ) . Subsequently, seawater samples w i t h varying concentrations o f added dust ( 5 -
1 0 0 mg L ' ) were equilibrated for a period o f 6 months ( in the dark, 2 0 - 2 5 °C) to examine the 
effects o f dust loading and marine particles/organisms on iron solubil i ty (Experiments 2 and 3 ) , 
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Recent studies of iron dissolution from dusts in seawater have been conducted using natural 
loadings in order to mimic the sea surface deposition of aerosols at ambient concentrations (e.g. 
0.01 - 10 mg L"', Bonnet and Guieu ^^ ^^ '). However, the concentrations of dust used in these studies 
(5 -100 mg L'') were far higher than those that are found in the open ocean, as it was expected that 
processes such as bacterial growth and bottle wall adsorption / desorption could occur during the 
experiments. Hence interpretation and extrapolation of these data is limited. 
6.7.1 Experiment 1 - The kinetics of F e ( I I ) and dFe dissolution in seawater from 
atmospheric dust 
Experimental 
A 20 L unfiltered surface seawater sample (Dl) was collected from the underway trace metal clean 
supply pumped from the towed fish at 29.2 'TV, 25.5 °W. 10 L of this sample was then filtered using 
a Vivaflow^" cross flow filtration (CFF) system (<30 kDa permeate, Vivaflow'^'^, Vivascience, 
Hannover, Germany) and collected in an acid washed carboy. The C F F system had been washed 
previously with 5 L of 0.5 M HCI followed by 40 L of UHP water and seawater. Both the ultra-
filtered and original unfiltered samples were then stored in the dark and allowed to equilibrate for 
24 h. 
Following this, 2L of each sample was transferred into an acid washed polyethylene bag and 40 mg 
of dust was added to each. The motion of the ship agitated the samples sufficiently during the 
experiment to ensure complete mixing. Both Fe(ll) and dFe sub-samples were filtered in-line using 
a syringe filter (0.2 ^m, PTFE membrane, Acrodisc™, Gelman) coupled to the F I - C L manifold. 
Over a period of 12 h, Fe(ll) was determined in near real time (— 30 s delay before 
preconcentration on 8-HQ column) while 10 mL aliquots were simultaneously filtered and 
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collected for dFe. The dFe samples were then acidif ied (pH 2. high purity H C l ) and stored for 3 
months before being analysed on land using F I - C L after sulphite reduction. 
Results and discussion 
Fol lowing the addition o f the dust, Fe(n) concentrations increased f rom <15 p M , reaching a 
plateau o f approximately 30 p M after 6 - 8 h (see Figure 6.16). There was no statistical difference 
(P < 0.05) between the concentrations o f Fe ( l l ) i n ultra-fi l tered and unfi l tered seawater (see Figure 
6.17), suggesting that cells and particles in the surface seawater did not play an active role in the 
dissolution o f these species. The increased Fe(IJ) concentrations found after dust addition were 
thought to represent a steady state between dissolution and oxidation rather than Fe(U) stabilised 
after dissolution f rom the dust. 
Figure 6.16 Dissolution of dFe and Fe(ll) from Turkish atmospheric dust into ultra-filtered (<30 kDa) and 
unfiltered surface seawater*. 
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During the experiment, dFe increased f rom ca. 0.45 to 0.7 n M and reached a pseudo steady state 
concentration in less than one hour (Figure 6.16). Using a value o f 3.2 % abundance o f Fe in the 
dust ( O r i f 2005), the solubili ty o f Fe i n the Turkish dust was 0.002 % . Th i s percentage is more 
than an order lower than reported Fe solubilities for crustal aerosols, found f rom laboratory 
experiments (0.013 -0 .4 %, see Table 1.2). Such variation in solubil i ty was not unexpected due to 
the use o f different experimental conditions by other workers, the loss o f dFe to the walls o f the 
reaction containers, variations in the structure and content o f the crustal dust, and variation in the 
seawater matrix (i.e. solubili ty l imited dissolution in seawater). 
Figure 6.17 CorTelatlon between Fe(ll) determined in ultra-filtered (<30 kDa) and unfiltered surface 
seawater. 
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6.7.2 Experiment 2 - Dissolved Iron concentrations seawater equilibrated with dust 
Experimental 
A second bulk surface seawater sample (D2) was taken at 21.8 " N , 25.4 ° W using the same 
sampling and protocol as mentioned above. Unfi l tered sub-samples (5 x 2L) were transferred into 
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acid washed LDPE bottles and a range o f different quantities o f dust (0 - 200 mg) were added to 
them. The samples were stored in the dark at 20 - 25 '^C for - 6 months. Fo l lowing this t ime they 
were filtered through either 0.2 \ini (PTFE membrane, Acrodisc™, Gelman) or 0.02 (j.m (Anotop' ' '" , 
Whatman) pore size filters and analysed for dFe, after 2 weeks acidif ication (1 m L H C l / L 
sample). 
Results and discussion 
The results (Figure 6.18) showed that the highest dFe(<0.02 ^im) and dFe(<0.2 | im) concentrations 
were 0.89 and 1.82 n M respectively, caused by varying the dust concentrations f rom 5 to 100 mg 
per litre. Seawater dFe concentrations increased linearly w i t h particle concentration (R^ = 0.9934 
and 0.9929, for dFe(<0.2 ^im) and dFe(<0.02 j i m ) , respectively). The range o f % soluble iron f r o m 
the Turkish dust was between 0.002 - 0.006 %. This is wi th in the range reported by Bonnet and 
Guieu for the dissolution o f a Saharan soil in seawater (0.001 - 1.6 % ) . These authors also 
observed a good linear correlation for dFe versus particle concentrations (0.01 - 1 0 mg L ' ) . 
Figure 6.18 Variation in the solubility of iron (<0.2 urn) in unfiltered seawater with dust concentration 
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The % soluble iron was calculated for each sample and the data plotted versus the amount o f dust 
added (Figure 6.19) and a negative relationship between particle loading and % soluble iron was 
observed. Similar negative logarithmic relationships showing higher dissolution for lower dust 
concentrations have been reported for dissolution experiments by previous workers (Guieu et 
g/.(2001), Bonnet and Guieu (2004) '^^^') . 
Figure 6.19 Variation in the % soluble iron (<0.2 ^m) in unfiltered seawater with dust concentration 
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6.7.3 Experiment 3 - Dissolved iron concentrations in unfiltered and ultra-fdtered 
seawater equilibrated with dust 
Experimentai 
2 L subsamples o f unfiltered and ultra-filtered (<30 kDa) seawater fi-om both bulk samples ( D l and 
D2) were equilibrated wi th 40 mg o f dust in the dark for - 6 months in the dark (20 - 25 *=•€). These 
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were then filtered through 0.2 ^un (PTFE membrane, Acrod isc^ , Gelman) pore size filters and dFe 
was determined after 2 weeks acidification (1 m L HCl / L sample) 
Results and discussion 
Figure 6.20 dFe concentrations in uttra-filtered and unfitered surface seawaters (D1 and D2) equilibrated 
with Turkish dust (dust concentration = 40 mg L equilibration time = 6 months, en-or bars = 
1 standand deviation of 4 replicate analyses). 
D1 (<30 kDa) D1 unfiltered D2 (<30 kDa) 
Sampte 
D2 unfiltered 
DFe concentrations in unfiltered samples D l and D2 were 1.15 and 0.90 respectively whereas dFe 
concentrations in ultra-filtered seawater equilibrated wi th the same mass o f dust were - 6 0 % lower 
(0.44 and 0.38 n M respectively) (Fig. 6.21). This showed that under the conditions o f this 
experiment, the iron solubilities observed during these experiments were dependent on biotic 
and/or abiotic particle interaction. The samples were not handled under sterile conditions hence it is 
not possible to state that they are representative o f natural seawater/aerosol equilibria. 
Nevertheless, the experimental data demonstrate that marine particle concentrations are another key 
variable that affect Fe solubility and dFe residence times in open ocean surface waters. 
The maximum dFe concentrations found in this experiment and those o f others are often greater 
than those reported for previous solubility experiments using the addition o f iron salts to saturated 
seawater (e.g. refs '^^"*^^). I f it is assumed that only physicochemical control existed for the 
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unfiltered samples, then the data imply that iron solubil i ty i n seawaler can be controlled by 
equilibration between seawater and aerosol particle surfaces. This has major implications for basin-
scale iron biogeochemical models. 
6.8 Conclusions 
1. dFe concentrations in the northern part o f the ' I ron f rom Above ' study area (cast station 10, 31.7 
°N, 22.0 ° W ) varied f rom 0.3 - 0.4 n M in surface waters (0-150 m) to 0.5 - 0.6 n M . Intermediate 
and deep water concentrations compared wel l w i t h historical data for nearby stations. Fe(Il) 
concentrations also increased wi th depth f rom 5 p M (detection l imi t for these analyses) - 21 p M in 
the euphotic zone to 10 - 40 p M at depth. 
2. It is hypothesised that the dFe vertical distribution at station 10 was controlled by uptake in the 
upper water column (0 - 500 m) fol lowed by regeneration and scavenging in intermediate and deep 
waters (500 - 5000 m). Correlations found for dFe w i t h nitrate (R^ = 0.80) and d A I (R^ = 0.74) 
support this mechanism and demonstrate the dual role o f i ron as a nutrient and a scavenged element 
in these waters. 
3. Surface depletion o f dFe was mainly due to changes in soluble iron (<0.02 ^ m ) concentrations, 
which varied f rom 0.14 n M at the surface to 0.32 n M at 1300 m. According to the soluble iron 
binding ligand data o f W u et al., an alternative to biota controll ing soluble dFe concentrations 
in surface waters could be that soluble iron binding ligand concentrations increase w i t h depth. 
4. h i the euphotic zone (0-150 m) o f the study area, dFe concentrations ranged f r o m 0.1 to 1.0 n M 
(mean o f 0.42 n M (n = 71). Small colloidal iron concentrations (0.02 - 0.2 \xm) were a major 
fraction o f dFe (ca. 25 - 60%, mean o f 38.9%) and did not vary significantly w i t h depth between 0 
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- 1300 m depth (mean ± a = 0.18 ± 0 . 0 6 n M ) at station 10. Soluble and small colloidal iron had 
mean concentrations o f 0.281 and 0.170 n M respectively (n = 60). Fe(I l) minima were observed at 
the chlorophyll maxima o f 4 o f the stations in the sampling grid. This was hypothesised to be due 
to either higher uptake and/or oxidation rates at these depths. 
5. dFe concentrations in surface waters (3-6 m) varied between 0.15 and 0.95 n M over the 
sampling grid, whereas Fe(n) concentrations were generally negligible (below the L O D to 20 p M ) 
except fo l lowing rain showers and during the mid day solar maxima ( -10 - 60 p M ) . 
6. A n inverse logarithmic relationship between dFe concentrations in surface waters (3-6 m ) o f the 
sample grid and the distance f rom the North West A f r i c a n coast was observed (R^ = 0.66). A 
similar relationship was found for mean integrated dFe concentrations between 0 - 150 m depth, 
although the gradient was ca. half that o f surface water dFe versus distance f rom the coast. This 
was attributed to the different biogeochemistry and residence limes o f dFe in surface waters 
compared wi th that o f the entire euphotic zone. 
7. No covariance between dFe and d A I was observed, nor any indication o f high aerosol fluxes 
influencing this area. Therefore, it is hypothesised that the dFe gradient was a result o f the 
continual advection o f Fe enriched shelf and coastal waters. Further examination o f nutrient and 
physical data for the study area w i l l al low the validi ty o f this hypothesis to be accessed. 
8. The solubili ty o f Fe in a Turkish dust equilibrated wi th seawater was found to be 0.002 % . This 
compared wel l w i t h the % soluble Fe found for Saharan soil in seawater. Kinetic dust 
dissolution experiment showed similar increases in dFe for ultra-fi l tered and unfiltered seawater 
and reached a pseudo steady state i n less than one hour, whereas Fe(II) concentrations doubled 
(<15 p M to ca. 30 p M ) after 6 - 8 h and continued to increase over 24 h. It was found that cells 
and particles i n the surface seawater did not play an active role i n the kinetics o f dissolution o f 
Fe(II) or dFe species. 
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9. When unfiltered seawater was equilibrated w i t h dust for several months, it was found that dFe 
concentrations increased linearly w i t h dust particle concentration (R^ = 0.994 and 0.857, for 
dFe(<0.2 ( im) and dFe(<0.02 j i m , respectively) and a negative logarithmic relationship between % 
Fe solubil i ty ( for <0.02 and <0.2 ^ini size fractions) and amount o f dust added was observed, as 
reported by other workers. 
10. dFe concentrations in ultra-filtered seawater equilibrated w i t h the same amount o f dust were 
- 6 0 % lower than in unfiltered seawater, showing that dFe concentrations are dependent on biotic 
and/or abiotic particle interaction and that iron solubil i ty in seawater (as defined by conventional 
filtration cut o f f s i.e. using filters w i t h a 0.2 or 0.45 \xm pore) can be controlled by equilibration 
between seawater and aerosol particle surfaces. 
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CHAPTER 7 
Conclusions and suggestions for future work 
169 
7.1 Conclusions 
The distribution o f dFe in seawater and its availabili ty to primary producers has a significant 
impact on global climate. Both variables affect the growth and community composit ion o f marine 
phytoplankton and bacteria and the util ization and transport o f nutrients f r o m the euphotic zone. 
There is a paucity in regional dFe data which is required for oceanographic data bases in order to 
improve ecosystem and climate models. Furthermore, the chemical speciation o f iron speciation 
has similar importance as iron acquisition by plankton is l ike ly to be kinetically controlled by its 
speciation. 
The most plausible mechanism for Fe uptake by phytoplankton is the assimilation o f labile 
dissolved inorganic species. Due to the higher stability o f solid state ferric hydroxides and Fe(ni) 
chelates, the steady state concentrations o f these species is greatly increased by the reduction o f the 
ferric forms to the more labile and soluble ferrous analogues. In order to gain insight into the role 
o f Fe(II) in open ocean and shelf waters, a highly sensitive F I -CL method for the in situ 
determination o f dissolved iron redox species was optimised, evaluated and tested in the field. 
The F I - C L method was later used to determine the dissolved iron redox speciation and distribution 
in two study areas in the Nor th East Atlantic Ocean. The study illustrated the diversity in the 
dissolved iron distribution and biogeochemistry that occurs in the surface and intermediate waters 
o f open ocean provinces close to continental margins. The fo l lowing conclusions summarise the 
findings o f the studies reported in this thesis. 
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7.1.1 Optimisation, trials and evaluation of an F l -CL method for the ship-board 
determination of dissolved Fe(Il) in seawater. 
The automated method for determining Fe{II) in seawater by Fl-CL [ref] was found to be more 
sensitive than other methods reported in the literature (e.g. references [162, 190, 204-207]). A Hmit 
of detection of 12 pM was determined during shipboard trials (Chapter 2) and following 
optimisation, this was improved to 5-12 pM in later studies. Due to its high sensitivity, the system 
was capable of detecting changes in Fe(II) concentrations of > 1-2 % of typical open ocean dFe 
concentrations (i.e. assuming a concentration o f -0 .5 nM). 
The automated system was continuously operated at sea for long durations (>4 weeks) and was 
found to be sufficiently robust and portable; suitable for operation in a ship's laboratory or clean 
container. In addition, the method was fast (3 min for one analytical cycle), produced data with 
good precision for replicate analyses (0.9 - 6.2 % ) and calibrations were linear over the range 
required (typical r^  >0.98, 0-5 nM). 
7.1.2 Potential interferences f rom dissolved organic molecules to the F l - C L method. 
Studies conducted using a pure water matrix, showed that the individual effects of sub-micromolar 
concentrations of 17 model organic compounds on the CL signals of the Fl-CL method (both with 
and without preconcentration on an 8-HQ column) were negligible. However, organic compounds, 
such as reductants (e.g. ascorbic acid) and chelating ligands (e.g. Desferrioxamine-B and EDTA) 
altered the sensitivity of the method to nanomolar concentrations of Fe(n) by > l 5 %. 
Interference to Fe(II) signals from Fe(lll) (20 nM) with organic compounds (200 nM) was assessed 
for seawater samples (pH 8.1) and positive interference was found (-10 - 150 pM relative Fe(IO 
signal). However, the maximum interference for both Fl-CL methods from Fe(I!l) in the presence 
of natural organic ligands in seawater was found to be < l % of the total iron concentration. 
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Furthermore, unlike the solutions used in the study reported in Chapter 3, dissolved organic carbon 
concentrations are found to be in the micromolar range in seawater and this fraction is hkely to 
contain a broad range of molecule sizes and functionalities. 
7.1.3 Distribution of dissolved iron and redox speciation in two study areas in the north 
east Atlantic Ocean. 
Vertical dFe distributions in the North East Atlantic Ocean 
Vertical dFe distributions for three stations in the north of the Bay of Biscay are described as 
follows: dFe concentrations were 0.1 - 0.6 nM in surface waters (0 - 500 m), 0.5 - 1.4 nM in 
intermediate waters (1000 - 2500 m) and 0.5 - 0.8 nM in deep waters (2500 - 4500 m). It was 
hypothesised that the high variability in intermediate waters was due to patches of small colloids 
advected from the shelf slope, whereas deep water concentrations were less variable and consistent 
with the data of other workers for nearby stations. 
Open ocean dFe concentrations in the northern part of the 'Iron from Above' study area (cast 
station 10, 31.7 °N, 22.0 ^'W) varied from 0.3 - 0.4 nM in surface waters (0-150 m) to 0.5 - 0.6 nM 
in intermediate and deep waters (150 - 4000 m) and showed oceanographic consistency with 
physico-chemical parameters (temperature, salinity and nutrients). This station was situated >I000 
km from the North West African shelf and hence dFe concentrations in intermediate waters were 
less variable than those observed for the Bay o f Biscay and deep water concentrations compared 
well with historical data for nearby stations. I ^ ^ * ^ ' ! 
Due to the correlation of dFe with dAl (R^ = 0.74) and the high annual aerosol fluxes in the 
area, it was hypothesised that the dFe vertical distribution in this region was principally 
controlled by scavenging in the upper water column (0 - 500 m). This was likely to be 
172 
linked to biological production and export as dFe concentrations also correlated wel l wi th 
nitrate concentrations (R^ = 0.80). 
Dissolved iron redox speciaiion 
Surface water Fe(II) concentrations in the open ocean regions of the Canary Basin and the Bay of 
Biscay were between the limit of detection of the FI-CL method (<5- 12 pM) and 35 pM and hence 
interpretation of this data was limited. Elevated Fe(ll) concentrations in the open ocean were only 
observed occasionally following rain showers and mid day solar maxima (Fe(II) - 1 0 - 6 0 pM). 
Fe(II) minima were observed at the chlorophyll maxima of 4 o f the stations in the Canary Basin. 
This was hypothesised to be due to either higher uptake and/or oxidation rates at these depths. 
Intermediate and deep water (1000 - 4500 m) Fe(n) concentrations varied from 10 - 40 pM in the 
Canary Basin (Station 10) to ca. 20 - 75 pM in the Bay of Biscay. Similar to the data for surfape 
waters, Fe(ll) was observed as a small fraction o f dFe throughout the water column (mean = 5.5 %, 
o = 2.6 % ) . 
The results of a thermodynamic equilibrium model (based on electron activity, see Chapter 4) 
demonstrate that Fe complexes would require a standard reduction potential of > +0.65 V to 
stabilize a 5 % Fe(IO fraction in the dissolved iron pool, at equilibrium under the condhions 
observed, it is hypothesised that either the Fe(ll) fraction in these waters was stabilised by 
unknown ligands or the redox state was controlled by kinetic processes such as dissolution and 
remineralization o f particles and colloids. There was no indication of Fe redox speciation being 
significantly affected by changes in dissolved oxygen concentration within the range found for 
North East Atlantic (170 - 250 ^ M ) . 
The data for the English Channel and North Sea waters show the significance of photoreduction 
and sediment dissolution as sources of Fe(Il) in shelf waters. Fe(ll) concentrations in the shelf 
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waters of the English Channel were 20 - 200 pM with the highest concentrations in the near-
bottom waters on the shelf break and Fe(II) was observed as a constant fraction of dFe (mean = 5.0 
%, a = 2.7 % ) . A diurnal trend was observed during a solar maximum in the shelf waters that 
caused the %Fe(II) to rise to ca. 10%. Using a simple kinetic model, an upper limit for a 
conditional first order photo-reduction rate constant (khv *^ °"'^ ) was calculated as -2.5 x 10"^  s'' for 
these waters. 
Ejfect of continental margins and hydrography on dissolved iron distributions on the European 
Continental Shelf 
Evidence of the large-scale impact of sediment resuspension and benthic diffusion on the iron 
biogeochemistry of the European Continental Shelf region in eariy springtime was found (March 
2002, Chapter 5). Elevated dFe concentrations were observed in near bottom waters at the shelf 
break (0.75 - 1.0 nM), which coincided with high FeQI) concentrations (> 100 pM). A minimum 
flux of 12 | i M Fe(ll) m"^  d ' was calculated for these sediments using a simple kinetic model. 
Intermediate waters near the shelf slope (1000 - 3000 m) also contained high dFe concentrations 
(>0.8 nM) and it was hypothesised that this was caused by the direct advection of colloidal material 
from the shelf rather than from biological regeneration. 
A 'trace metal front' caused by mixing between Fe depleted open ocean surface waters (0.2 nM 
dFe) and enriched shelf waters (ca. 0.8 nM dFe) was observed for both dFe and Fe(II) in the 
surface waters between the English Channel and the Bay of Biscay (3-6 m depth, 7.0 - 4.0 **W). 
The overall relationship between dFe and salinity observed between the North Sea and the 
European Continental Shelf slope was non-linear signifying thai factors such as benthic inputs and 
scavenging controlled dFe concentrations in shelf waters. However, a twofold increase in dFe with 
a decrease in salinity was seen in the coastal waters o f the southern North Sea, suggesting high 
freshwater dFe inputs in this region. 
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Distribution of dissolved iron and redox speciation in the Canary Basin 
In the surface waters o f the Canary Basin (3-6 m depth, October 2002), dFe concentrations varied 
between 0.15 and 0.95 nM and an inverse logarithmic relationship between dFe concentrations in 
surface waters and the distance from the North West African coast was observed (R^ = 0.66). This 
relationship was attributed to the continuous adveclion of Fe enriched shelf and coastal waters, as 
no evidence of high aerosol fluxes affecting the area were found (based on satellite aerosol data and 
no covariance between dFe and dAI). Concentrations o f dFe in the euphotic zone (0-150 m) were 
similar to those of surface waters (0.1 to 1.0 nM, mean of 0.42 nM (n = 71)). 
The dFe gradient (0.2 - 0.8 nM) in the Canary Basin occurred over -1000 km illustrating the large-
scale effect of the North East trade winds and upwelling areas on the propagation of dFe from 
continental and coastal sources. In contrast, the dFe gradient between the Bay of Biscay and the 
English Channel occurred over a distance o f <200 km and the mixing of open ocean and shelf 
waters occurred in the shallow waters of the shelf. The short distance propagation of dFe may have 
been caused by the low level of enuainment of the shelf waters caused by near bottom currents that 
run parallel to the slope and the wind driven eastward surface current. 
7.1.4 The significance of small colloidal iron (0.02 - 0.2 ^ m ) in the dissolved iron pool of the 
euphotic zone of the Canary Basin. 
Soluble and small colloidal iron were determined in the euphotic zone (0-150 m) of the Canary 
Basin and the mean concentrations where 0.281 and 0.170 nM respectively (n = 60). In the 
northem part of the study area (31.7 °N, 22.0 ' 'W), soluble iron increased with depth (0.1 to 0.3 
nM) between 25 and 1500 m. Small colloidal iron (0.02 - 0.2 was a major Section of dFe in 
the euphotic zone o f the Canary Basin (ca. 25 - 60%, mean o f 38.9%), whereas in deeper waters (0 
- 1300 m depth) this fraction was smaller and less variable (mean ± a = 0.18 ±0.06 nM, station 
10). Possible sources o f small colloidal iron were fi-om aerosol deposition and iron bound to 
175 
colloidal organic matter. 
7.1.5 Potential variables that affect the dissolution of iron f rom aerosol dusts in seawater. 
The solubility o f Fe in a Turkish dust equilibrated with seawater was found to be 0.002 % (at a dust 
concentration 20 mg/L). This compared well with the % soluble Fe found for Saharan soil in 
seawater. Kinetic dust dissolution experiment demonstrated that dFe and Fe(ll) concentrations 
for ultra-filtered and unfiltered seawater reached a pseudo steady state in <48 h and that cells and 
particles in the surface seawater did not play an active role in the kinetics of dissolution o f Fe(ll) or 
dFe species. 
dFe concentrations (<0.02 and <0.2 ^ m size fractions) increased linearly with dust particle 
concentration (R^ = 0.994 and 0.857) in equilibrated unfiltered seawater and a negative 
relationship between % Fe solubility and amount of dust added was observed, suggesting that 
lower dust loadings increase the % soluble Fe from aerosols. dFe concentrations in ultra filtered 
seawater were -60 % lower than in unfiltered seawater and hence dFe concentrations were 
dependent on biotic and/or abiotic particle interaction. 
7.2 Future work 
There are several ways in which the work reported here can be taken further, these include: 
Method development 
The Fl-CL method is highly suited for shipboard and field measurements and has been used to 
determine dFe and TDFe species in several open ocean studies (e.g. refs I^" '89^32^44] ^ addition to 
those reported here. The accuracy of the method for determining dissolved iron in acidified 
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samples has been assessed by analysing standard reference materials (e.g. CASS and NASS 
seawaters) and during several inlemalional inlercomparison exercises, l ^ ^ ^ ^ ^ ' 
Despite good agreement between the dFe data produced using the FI-CL method reported here and 
those of other laboratories (e.g. certified reference seawater), uncertainties remain concerning the 
effects of the variation o f seawater matrices on dFe determination . In Chapter 3 of this work it was 
demonstrated that with sufficient concentrations o f iron binding ligands, it is possible to mask Fe 
even when the sample is acidified to pH 2 and reduced with sodium sulphite. Furthermore, when 
the reduction of dFe from a coastal sample was monitored over a period of several weeks, Fe(II) 
continued to be released from colloids in the sample (Fig. 3.8), Hence further evaluation of the 
method and investigation into improving the sample pre-treatment is required. 
Due to the lack of reference material and the sensitivity o f redox species, evaluation o f Fe(n) 
determination is more challenging. The FICL shipboard method reported here has the advantages 
of a low limit of detection ( 5 -12 pM), low analysis time (allowing high temporal and spatial 
resolution) and solid phase extraction of the analyte to remove a large portion of aqueous phase 
species. It is possible that with improved instrumental design and reduction o f the blank signal the 
sensitivity and limit of detection can be optimised further. However, it remains unknown whether 
variation in the sensitivity of the method to different Fe(ir) and Fe(iri) complexes and charge 
transfer reactions can cause significant interference. 
In Chapter 3 it was demonstrated that interference from Fe(in) species in seawater was only 
significant when the ambient Fe(ll) concentrations were - I % of the total iron concentration. 
However, as demonstrated in Chapters 5 and 6 the %Fe([I) determined in most samples was - 5% 
of the dFe concentration hence this interference could become significant in these waters. It may be 
possible to assess this further using Fe(II) or Fe(IlI) specific ligands (e.g. ferrozine) to mask Fe(II) 
signals and assess the analytical blank fiirther but the chemistry o f these experiments must be 
carefully investigated as blanks of this kind are likely to further alter the ambient redox speciation. 
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Other suggestions for further evaluation of the Fl-CL method for the determination of Fe(II) are to 
examine the sensitivity of the method to different inorganic and organic Fe(ll) species under 
anaerobic conditions (i.e. using nitrogen purged solutions and S-HQ column to remove anoxic 
matrix). This type of experiment would prevent the oxidation of Fe(II) species and allow sufficient 
time for complexation to occur with the ferrous species at ambient pH (e.g. 5 - 8.1) . Furthermore, 
it would evaluate the use of the method for use with anoxic samples. In addition, further Fe(ll) 
interference studies could be conducted by adding pre-complexed Fe(lll) to seawater and 
freshwater matrices. 
Micro-scale hiogeochenuslry 
A well-defined knowledge of iron specialion is required in order to improve our knowledge of cell 
surface uptake and to integrate iron speciation field data with models. Current uptake models often 
only assume the equilibrium of truly dissolved species (e.g. Fe' and FeL). However, reported 
dissolved iron concentrations from field data are usually acidified and often contain colloidal iron 
within the 'dissolved' size fraction (e.g. < 0.2 ^m). Furthermore, the equilibrium between dissolved 
and particulate Fe phases is likely to be influenced by the adsorption and desorplion of particulate 
iron species that are removed by filtration and wil l be affected by physico-chemical variables such 
as temperature and pH. Hence a suggestion for ftiture work is to continue to examine the 
complexation kinetics and equilibria of Fe(II) and Fe(III) species between different model phases 
and dissolved iron complexes under controlled conditions. 
Basin-scale biogeochemistry 
Further understanding o f basin-scale iron cycling and more accurate estimates of Fe residence 
times can be gained by improving estimates o f iron fluxes to and within the water column of the 
open ocean. It is necessary to determine Fe transport over shelf margins in order to quantify the 
fluxes from terrestrial and shelf sources to the open ocean. Further insight into the transport of dFe 
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from shelf processes may be achieved by studying iron transport via particle and colloidal fluxes 
using particle filtration, sediment traps, benthic flux chambers and moorings near shelf areas. I f the 
main enrichment of dFe occurs via adveclion of colloids then a steady state dissolved/particulate 
model could be combined with water column downward particle fluxes obtained via field studies. 
In addition, differences in isotopic ratios may also help to track lithogenic iron originating from the 
shelf 
fritegration of real-time satellite aerosol data and iron deposition may be possible in the future but a 
better understanding o f the dissolution o f Fe from aerosols is required. According to the work 
reported here and the recent work o f Bonnet and Guieu, Fe dissolution from particles takes 
place within the residence time of aerosols in surface waters (e.g. - 20 days ''°^') and the % Fe 
solubility of aerosol dusts is not constant and increases at low particulate loading and higher marine 
particle concentrations. 
Variability due to the structure and origin of aerosols and the atmospheric processing they are 
exposed to is more difficult to examine and requires access to a large and varied collection of 
samples. Improved knowledge o f atmospheric derived fluxes can also be obtained using improved 
sampling strategies that allow an iron budget to be calculated. An example being an eddy-scale 
time series experiments where atmospheric and water column particulate fluxes are determined in 
combination with dissolved iron measurements. 
In addition to Fe fluxes, another important research area is the quantification and characterization 
of iron binding ligands. Ligand concentrations have been identified as a key variable in the global 
iron budget I5''24.i25^48] control the dissolved iron concentrations in large oceanic regions. 
An improved understanding o f the chemical structure and distribution in the oceans is required in 
order to determine the sources, sinks and transport of these molecules. 
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Redox speciation 
Several of the variables that were hypothesised to influence iron redox speciation were examined 
during this study but more incite into water column redox chemistry may be obtained by studying 
the temporal and spatial changes redox cycling o f Fe(ll) with hydrogen peroxide. In addition to this 
the evaluation of kinetic parameters for redox reactions under aerobic and anaerobic conditions at 
ambient seawater pH wil l improve kinetic models. 
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Environmental Context. Several trace elements are essential to the growtti of microorganisms, iron being 
arguably the most important Marine microorganisms, which affect the global carbon cycle and consequently 
indirectly influence the world's climate, are therefore sensitive to the presence of iron. This link means iron-
related oceanic processes are a significant ecological and political issue. 
Abstract. The importance of the role of iron as a limitmg micronutnent for primary production in the World 
Ocean has become increasingly clear following large-scale in situ iron fertilization experiments in high-nutrient, 
low-chlorophyll (IINLC) regions.''' This has led to intensive international research with the aim of understanding the 
marine biogeochemistry of iron and quantifying the spatial distribution and transport of the element in the oceans. 
Recent studies have benefited from improved trace metal handling protocols and sensitive analytical techniques, 
but uncertainties remain concerning fundamental processes such as redox transfer, solubility, adsorption, biological 
uptake, and remineralization. 
This review summarizes our present knowledge of iron biogeochemistry. It begins with a discussion of the effects 
of the physicochemical speciation of iron in seawater from a thermodynamic perspective, including important topics 
such as inorganic and organic complexation and redox chemistry. This is followed by an overview of the fluxes 
of iron to the ocean interface and a description of iron cycling within the open ocean water column. Current 
uncertainties of iron biogeochemistry are highlighted and suggestions of future work provided. 
Key^vrds. aerosols — biogeochemi.stry — iron — marine chemistry — redox reactions 
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Introduction 
An estimated 40% of photosynthesis on Earth cxcurs in 
aquatic environments'-' and the turnover time for manne 
plant biomass is nearly three orders of magnitude faster than 
that of terrestrial biomass.'^' Hence, the nutrients that reg-
ulate primary production in the marine environment have a 
significant effect on the global carbon cycle and con.sequently 
play a key role in controlling the world s climate. 
Protein-bound iron complexes act as vital electron medi-
ators for many metabolic processes in living systems. Iron 
complexes have important functions in intracellular res-
piration, oxygenic and non-oxygenic photosynthesis, and 
the element is further utilized by respiring higher organ-
isms for oxygen transport.'"*' Within aquatic photosynthetic 
organisms, iron is found as an essential component in pho-
tosynthetic apparatus (i.e. photosystems (PSI, PSI!) and 
cytochromes) and for ATP synthase.'^' It is also required 
for nitrogen fixation and reduction of nitrate, nitrite, and 
sulphate. 
In most oceanic regions, primary production is limited 
by light and macro-nutrients (i.e. nitrate, phosphate, and 
silicate) but approximately 40% of the world's surface waters 
are replete with major nutrients.'^' These regions have been 
named HNLC areas, the most important regions being the 
Southern Ocean, the Equatorial Pacific, and the Subarctic 
Pacific. 
The observation that neritic waters near these regions 
often sustained far greater phytoplankton communities com-
pared to the nearby open ocean waters led early workers to 
hypothesize that trace elements are essential for phytoplank-
ton growth.'^' For example. Harvey'^' suggested that iron 
and manganese could become growth-limiting to phytoplank-
ton, based on experiments that showed increased growth of 
diatoms and dinoflagellates after additions of iron and man-
ganese to Southern Ocean seawater that was rich in phosphate 
and nitrate. Despite these early observations, there were few 
major advances in the knowledge of the significance of iron 
in these areas until the late 1980s when the first reliable iron 
determinations were made in the Pacific Ocean as part of the 
VERTEX programme.'** '"' These measurements were made 
possible by the sampling and analytical techniques previously 
developed by Bruland et a l . ' " ' 
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In addition to the vertical concentration profiles obtained 
at this time, ship-board experiments using iron additions to 
fresh seawater samples revealed thai iron-limited regimes 
existed in the nutrient-rich, upwelling areas of the Subarc-
tic and Equatorial Pacific."-' Using the same methodology, 
it was also confirmed that there was also a definite relation-
ship between ambient iron concentrations and phytoplankton 
growth in the Southern Ocean, when nerilic (coastal) and 
pelagic (open ocean) waters were compared.'*^' 
In accordance with this, Martin published the 'Iron 
Hypothesis' in 1990.'''*' This was based on an inverse corre-
lation found between carbon dioxide and iron concentrations 
(inferred from aluminium data) in the Vostok ice cores. It was 
found that the trends corresponded with glacial and inter-
glacial transitions. Martin proposed that an increase of iron 
input to 1INLC oceanic regions, by means of higher dust load-
ing, could stimulate primary production. Furthermore, it was 
suggested that this phenomenon had the potential to cause 
intense drawdown of carbon dioxide, reduce atmospheric 
temperatures, and hence cause significant global climate 
change. 
The validity of this hypothesis has since been contested. 
Models based on global iron data and data from fertiliza-
tion experiments estimated that realistic iron forcing could 
cause a maximum of ^-50% of the CO2 change expected 
during glacial-interglacial periods"^ '*' but the remaining 
change was predicted to be due to other mechanisms, such 
as changes in ocean circulation and sea-ice extent. In addi-
tion, examination of sediment cores in the North Atlantic 
Ocean indicated that dust deposition fluxes in the Northern 
Hemisphere at the time of the penultimate deglaciation do 
not correlate with the change in CO2 concentration in the 
Vostok ice cores."^l However the affirmation of iron-limited 
HNLC areas, combined with the correlations observed in the 
Vostok ice cores, provide evidence that iron distribution is 
al least potentially an important control for global primary 
productivity and climate. 
The fact that bottle experiments did not represent large-
scale biological processes in the ocean, along with the devel-
opment of artificial conser\'ative tracers (i.e. SFe) led to the 
instigation of in situ iron fertilization experiments. These have 
now been conducted in the Equatorial Pacific (e.g. IronEx 1 
and IronEx iilM8-20i)^ ,he Southern Ocean (e.g. S O I R E E I ^ " 
and SOFeXf22I) and the Subarctic Pacific (e.g. S E E D S ' ^ ^ I ) , 
showing that primary productivity is iron-limited in these 
areas. In recent years, it has also become apparent that iron 
may play a vital intermediary role in nutrient cycling in low 
and mid-latitudes due to its involvement in nutrient cycling 
processes, such as nitrogen fixation. Iron-limited growth 
has been found in coastal upwelling areas'-**"^ '^ and iron 
co-limitation has been observed in areas such as the Northeast 
Pacific Ocean'^ **' and the Northwest Indian Ocean. 
General conclusions about I INLC waters drawn from 
these experiments were: 
Certain phytoplankton species benefited more from iron 
addition (usually large diatoms and flagellates). 
The efficiency of iron cycling depends on the conditions and 
ecology of the area.'^"' 
Zooplankton grazers were ofien quick to respond to increased 
numbers of phytoplankton. 
The long-term fate of sequestered carbon remains uncertain, 
i.e. no evidence of significant carbon export to deep waters 
has been observed. 
There is increasing evidence that the extent of iron lim-
itation in a given water mass is likely to vary according 
to the species of organisms present in natural assemblages. 
This variation contributes to the increasing complexity 
of defining 'nutrient limitation' when discussing marine 
ecosystems. 
Following the success of iron fertilization experiments, the 
possibility of industrial-scale iron fertilization of the oceans 
has been discussed as a means of reducing atmospheric CO2 
concentrations.'-"' However, a number of possible ecological 
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efTects caused by large-scale iron fertilization have been pre-
dicted, such as denitrification and nitrate reduction, produc-
tion of climate changing gases, and ano.xia.'-*-' Furthermore, 
although CO2 drawdown has been observed in many of the 
iron fertilization studies mentioned above, there is at present 
no conclusive evidence that fertilization increases carbon 
burial fluxes over long timescales. 
Recent attempts to implement international emission tar-
gets (such as the Kyoto Agreement) have created the potential 
for an industry based on the reduction of greenhouse gases. 
This controversial industry would allow emission targets to 
be exceeded by a country i f it could prove that the excess 
gases, such as CO2, were actively being removed from the 
atmosphere. Due to this, certain organizations, which have 
foreseen the economic gain from ocean fertilization, have 
been requesting authorization to begin regular large-scale 
fertilization'^'-*^' even though there is no proof that fertiliza-
tion will cause long-term drawdown of CO2. The possibility 
of industrial-scale ocean fertilization has initiated consider-
able response from the scientific community, including public 
warnings of the unknown ecological efTecls and protests 
against countries assuming the right to *use the world's oceans 
to resolve its domestic problems'.'"*'*' 
Clearly, the study of iron and macronutrients in marine 
biogeochemical cycles has become of great scientific, eco-
logical, and political significance. It follows that to improve 
our understanding of important issues, such as the physic-
ochemical transformations of iron occurring in seawaler 
and the large-scale biological feedback mechanisms that 
may influence global climate, a detailed knowledge of iron 
biogeochemistry, transport, and distribution is required. 
Iron Specialion in Seawater 
Tlie Crusial Abundance of Iron 
Iron is the fourth most abundant element in the Earth's crust, 
exceeded only by oxygen, silicon, and aluminium. Its high 
relative abundance of 5.6%'"* '^ in the Earth's crust can be 
attributed to the highly stable *^Fe nucleus. This is the largest 
nucleus formed exothermically by nuclear fission during 
planetary formation and is known to have the highest nuclear 
binding energy per nucleon of all nuclei.'^*' Iron has six 
known isotopes, from ^^ Fe to ^^Fe. The percentage abun-
dances of the more common isotopes ^Fe, ^*Fe, and ^^ Fe 
are 5.82, 91.66, and 2.19% respectively, resulting in a rela-
tive atomic mass of 55.847 amu.'"' Due to its high crustal 
abundance, iron compounds make up a large proportion of 
the Earth's rocks and soils. Iron forms salts with most inor-
ganic anions in the solid phase but exists predominantly as 
oxides and carbonates, stabilized by their negative Gibbs free 
energies of formation (Fig. I) . 
The most commonly occuring compounds in iron ores 
are haemetite(Fe203), magnetite (Fe304), limonite(2Fe203-
3H2O), siderite (FeCOs), and pyrite (FeS2).^ -'^ ' Due to the 
high stability of these compounds, efficient separation of iron 
from its ores requires highly energetic and strongly reducing 
conditions. Further still, it goes some way in explaining why. 
despite being ubiquitous in the Earth's crust, iron is found at 
trace concentrations within many aqueous environments. 
The physicochemical speciation of iron in seawater is 
dependent on the heterogeneous equilibrium between various 
particulate and dissolved phases (see Fig. 2). The concentra-
tion of iron in the solid and particulate phases is therefore 
dependent on the rate of each process and the composition 
of the seawater These processes are further complicated by 
the existence of redox transitions between the ferric and the 
more soluble ferrous forms. 
In order to understand the processes that control iron 
marine biogeochemistry, the species that are investigated 
must be clearly defined. Size fractionation is particularly 
important due to the broad variety of iron species that 
A G , ( k J m o r ' ) 
1500 
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j-FezOOH" (Goethite) 
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Fe2SiOj(Faya!iIe) 
Fig. I . Gibbs free energies of formation ( - A C f ) for common inor-
ganic iron compounds. Plotted using labulaied values from Stumm and 
Morgan.'^ '' 
Dissolved inorganic 
' complexes 
Predpilatlon/ 
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degradation 
Organic . 
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Fig. 2. Phase transfers of iron and related processes in seawater. 
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are thought to exist in seawaier, including colloidal phases 
and macromolecules. Mistorically, dissolved iron has been 
defined as that which passes through a 0.2-0.45 ptm fil-
ter membrane, but the recent development of uilra-filtration 
techniques allows improved characterization of difTerent size 
fniclions.'^o**'! 
Di.ssohed Inorganic Iron Speciation 
Under most natural conditions^ iron is found in the +2 and 
+3 oxidation states and forms salts with the majority of com-
mon anions. In aerated aqueous solutions at circumneutral pi I 
the hexaaqua iron(rri) cation becomes hydrolyzed, followed 
by the formation of polynuclear oxy-hydoxides. As a result, 
when the pi I of an acidic solution is increased the solubility 
of the ions decreases, reaching a minimum at around pH 8. 
A solubility value of ~ 1 0 ~ " M has been reported for 0.7 M 
NaCl solutions (pH 8.1,25°C) where soluble iron was defined 
as that which passed through a 0.02 nm filter.'**^' The solu-
bility of ironOi) far exceeds that of iron(rri). Under anoxic 
conditions, iron(ri) is often found at millimolar concentra-
tions but in air-saturated solutions and at high pi I (>5) it 
becomes unstable and oxidizes rapidly. 
The dissolved inorganic speciation of iron in seawater can 
be estimated using experimentally determined equilibrium 
constants (conditional stability constants), found for the most 
common inorganic iron species in s e a w a t e r . T h e speci-
aiion diagrams(Figs 3 and 4) show the calculated proportions 
of inorganic iron(iii) and iron(ii) species in seawater at 25'*C; 
recently reported hydrolysis constants were used. 
An ambient seawaier chloride concentration (0.55 M) was 
used in the iron(iii) model (Fig. 3) to represent an example 
of one of the simple anions that exist at high concentrations 
in seawater and associate with iron(iii). At low pH, sulphate 
and fluoride behave in a similar manner. The most important 
trend to note is that the hydrolysis species are predicted to 
dominate when the pH value of the solution is greater than 
4. This is due to the increase in activity of hydroxide anions 
at higher pH and the strong affmity of iron(irr) for charged 
oxygen species as ligands. 
Iron(ii) behaves very differently, having relatively weak 
associations at pH values less than 7. At higher pH, inorganic 
complexation occurs when carbonate and hydroxy anions 
are more abundant. Interestingly, the solubility of iron(ri) 
is predicted to be dependant on whether the seawater is in 
equilibrium with the atmosphere due to the formation of the 
insoluble FeC03 (siderite) species. Fig. 4 shows an open 
system in which there is considered to be continuous C O i 
exchange. 
Dissolved Organic Iron Complexes in Seawater 
Iron(iii) has been found to be >99% complexed by strong 
organic ligands in seawater, even in intermediate and deep 
w a t e r s , a n d two classes of strong iron-binding lig-
ands (L), L2) have been characterized and determined in 
open ocean seawaters. The complexing ability of iron-
binding ligands is measured under ambient conditions and is 
expressed using conditional stability constants /TpcJ+L 
the equilibrium of Eqn 1: 
[FeL] 
IFe3+l[Ll (1) 
A recent study of iron binding ligand stability constants 
in seawater summarized constants for all classes of lig-
ands obtained in nine diflerent oceanic regions.'^^' The 
overall mean ( ± l f f ) logio ' ^ F C ^ + L data reported 
was 21.4 ± 1.5 and the range of ligand concentrations [L] 
was 0.31-39.2 nM. All workers used similar methodologies; 
therefore it can be assumed that these values are repre-
sentative iron-binding ligands in most oceanic regions. The 
consistency of these values with other thermodynamic data 
can be validated with the inorganic iron speciation model 
(Fig. 3). For example, i f a theoretical ligand concentration 
[ L i ] of I nM and the mean reported \'alue of logio '^'FC^^L 
(shown above) are used, 99.8% of the total iron(lti) is pre-
dicted to be bound by organic ligands at pH 8.0, similar to 
that observed in seawater samples (>99%). Therefore the 
presence of strong organic chelation has a significant efiect 
on the speciation and solubility of iron in seawater. 
Evidence that organic complexation increases iron solu-
bility in seawater has been reported for 0.7 M NaCl solutions 
after the addition of humic acid and EDTAt** !^ and for sea-
water exposed to ultraviolet (UV) light. Furthermore, Kuma 
10.00 
—.[Fe(OH)p^ — lFe(0H)2]^ — lFe(OH)a]0 
- - I F e ( 0 H ) 4 l - — [FeClp* [FeClar 
Fig. 3. Inorganic speciation model of Fe(iii) in seawater. Calculated 
using the hydrolysis stability constants of Liu and MillciD'"' measured 
in seawaier and the chloride stability constants of Millero et al.'**' 
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Fig. 4. Inorganic speciation model of Fe(n) in scawater. Calculated 
using the hydrolysis stability constants of Millero ct al.'**' measured 
in seawater. Dissolved inorganic carbon modelled as an open system in 
equilibrium with the atmosphere under ambient conditions. 
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et al. found that the solubility of iron in oceanic waterexposed 
to UV for 3 h was reduced by one order of magnitude. A com-
parison of the effect of UV treatment on coastal and open 
ocean waters as well as surface waters and deep waters was 
also described. The results indicate that although the binding 
constants of strong organic iron ligands are similar, some are 
more resistant to UV radiation.'^'*-^^' 
Dissolved Iron Complexation and Redox Transitions 
The chemistry of the ferrous and ferric cations is extensive 
and a broad range of stereochemistries have been observed 
for natural and synthesized iron(n) and (ni) complexes with 
coordination numbers from four to ten.''^' Iron(ii) and (iii) 
cations share similar characteristics but the effect of the dif-
ference of a single electron on the chemistry of both cations is 
considerable (i.e. difference in d^ and d^ configurations). One 
example is the efTect on the size of their ionic nuclei; iron(u) 
has reported ionic radii of 75-106pm whereas iron(iii) is 
63-92 pm.'^^' Furthermore, the differences in their aqueous 
chemistry are best explained in terms of the free energies 
of the cations themselves and the ligand field stabilization 
energies (LFSE) of their bonding orbitals. 
With a few exceptions (such as distorted complexes found 
with some stronger ligands) both cations are most oflen found 
in high- and low-spin octahedral states. The importance of 
the variation in LFSE should be emphasized as it can be 
used to explain the stability of oxidation states in different 
ligand fields. This is particularly Uiie when comparing high-
and low-spin compounds. For example, iron(n) in a high-spin 
state has a LFSE of A° = 2/5, whereas in a low spin state it has 
a LFSE of A" = 12/5, therefore gaining considerable stability 
in higher ligand fields where the effect of spin-pairing energy 
becomes less significant. 
Iron(iii) retains a high-spin, octahedral configuration in 
most of its complexes except with ligands that are high in 
the specirochemical series. The high LFSE generated when 
bonding with ligands of this kind can cause spin-pairing in 
the t2g orbilals (e.g. with bipyridyl and cyanide anions).'^'! 
Iron([n) is a hard metal ion, acidic in nature, and forms its 
strongest complexes with O, N, and F donor ligands, par-
ticularly when they are negatively charged. Most iron(ni) 
complexes absorb photons in the UV end of the spectrum 
and are often colourless due to the spin-forbidden nature of 
the d-d transitions. Iron([ii) also forms strong chelates and a 
large variety of cluster compounds either with other iron(iii) 
atoms or other transition metals directly or through oxo and 
hydroxo bridges. 
Iron(ii) is a borderline metal ion, between hard and soft 
cations, and forms complexes that are often coloured. It there-
fore gains stability in complexation with both soft bases, 
such as P or S ligands, as well as the stronger electron-pair 
donating ligands that bind strongly with iron(iii). Similar 
to iron(iii), iron(ii) is most commonly found in the high-
spin state but forms fewer complexes with O-donor ligands. 
Iron(Ji) gains the greatest LFSE in low-spin octahedral com-
plexes with strong ti-acceptor ligands such as cyanide and 
1,10-phe nan thro line. 
To understand the redox equilibrium between aqueous 
inorganic iron species in seawater, both redox states must be 
considered with varying pN and electron activity (pE).'^^' 
Oxic inorganic solutions at seawater pH, are predicted to 
contain negligible iron(ii) concentrations at equilibrium.!-*^' 
However, due to the high percentage of organically com-
plexed iron species in seawater, the dissolved iron redox 
speciation may not be controlled by the pl l-dependant equi-
libria of free hydrolysis species but by the effect of pH and 
pE on the organic complexes formed in seawater. This type 
of thermodynamic control would mean that the iron redox 
speciation in seawater is dependant on the physicochemical 
properties of the organic complexes present. 
The reduction potentials of individual iron complexes can 
be used to estimate the equilibrium ratio of iron(ii) and 
(MI) species under different conditions. Complexes with high 
reduction potentials will favour iron(ii) whereas those with 
low reduction potentials will favour iron(in) (see Fig. 5). 
The redox speciation of individual iron species under oxic 
conditions can be calculated using Eqn 2: 
P E 0 2 / H 2 O = PEFC(„)/FC( . . .) - log 
[FeOQ] 
IFe(iM)] (2) 
Using this Equation and assuming a seawater pE of 12-14, the 
standard reduction potential (E^) required to give an equilib-
rium ratio of O.OI for [Fe(ii)L]/[Fe(iii)L] in seawater would 
be greater than 0.65 V, which is higher than the reduction 
potentials of most natural iron-binding chelates (e.g. Fig. 5). 
Indeed, recent thermodynamic data have shown that a large 
proportion of naturally occurring strong iron-binding lig-
ands (such as porphyrins and siderophore-iron complexes) 
have reduction potentials that are significantly lower than 
0.65Vl^^-^' and are unlikely to stabilize iron in the fer-
rous form in oxygenated seawater. However many of these 
complexes are more reactive and soluble than the inorganic 
hydrolysis species, and therefore may be reduced by pro-
cesses such as Haber-Weiss cycling and photoreduction. 
E°(V) Fe complexes Redox buffering 
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Fig. 5. Standard redox potentials of well-known iron complexes and 
redox buffering reactions that occur in oxic waters. 
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hence kinetic models are often adopted to estimate iron redox 
speciation. 
The Kinetics of Iron (it) Oxidation 
The kinetics of oxidation of iron(n) have been investi-
gated in natural'^'"*^' and artificial seawaters.'^ '^ Milleroand 
coworkers'*-' confirmed that oxidation rate constants have a 
positive relationship with pH and temperature, and all work-
ers have found the pseudo-first-order half-life of iron(ii) in 
natural and artificial seawater at ambient conditions (pll 8, 
2 5 ° C ) to be in the order of minutes (see Table 1). 
The oxidation of iron(ii) is reported to proceed predomi-
nantly according to the Haber-Weiss mechanism, 
Fe(ii) + 0 2 - ^ Fe(ui) + O j " 
Fe(ii) H- -t- 2H-*- Fe(ill) + H2O2 
Fe(ii) -t- H2O2 Fe(iii) -|- H Q - + O i r 
Fe(ii) - I - HO* Fe(iii) + OH 
for which Eqn 3 expresses the rate equation for a solution of 
defined pH, temperature, and salinity: 
d|Fe(ii)] 
d/ = 2K, l02j[Fe(ii)] - f 2/C3|H202][Fe(ii)] (3) 
The llaber-Weiss mechanism illustrates the importance 
of dissolved oxygen and hydrogen peroxide on iron(ii) oxi-
dation rates. Other inorganic side reactions, such as those of 
superoxide and redox-active transition metals (e.g. copper), 
have also been shown to be important but the most significant 
rate-determining step in the oxidation mechanism remains the 
reaction of inorganic and organically complexed iron with 
molecular oxygen.'^' 
The relationship between the speciation of iron(M) and 
its oxidation rate has gained considerable attention. King 
et al.'*'*^' and Millero et a l . ' " - " ' have described the effects 
of inorganic speciation, focussing mainly on the conmion 
inorganic iron complexes in seawater. Results show that 
species such as FeCI''" alter the oxidation rate but the most 
striking observation was the increase in the rate for carbonate 
and hydroxy species, which form a significant fraction of the 
inorganic ferrous species at higher pH (>7). Similar to the 
thermodynamic treatment above, an estimation of whether a 
complexed ligand will decrease or increase the oxidation rate 
Table I . Reported half-lives for iron(ii) oxidation 
in natural and artificial seawater 
Measured ai IS'C 
Medium pH ixfi [mini Ref. 
North Sea Scawater 8.0 -^1.5 [61] 
Gulf Stream Seawater 8.0 -^1.2 [62] 
Australia (NSW), 8.09 -3 .5 (64] 
Coastal Water 
0 .7MNaCl 7.83 - 1 [66] 
of iron(ii) can be estimated by comparing the equilibrium 
constants, A G F values, or reduction potentials of the iron(ii) 
and ( I I I ) species. 
In accordance with this, organic ligands have been found to 
both stabilize and promote the oxidation of iron(i[). Generally, 
oxygen ligands that form highly stable iron(m) complexes 
(e.g. EDTA, NTA, citric acid, desferrioxamine) are found 
to increase the rate of iron(n) oxidation whereas nitrogen 
or sulfijr ligands inhibit it.'^'*' At circumneutral pH, organic 
compounds commonly found from biological decay have 
been seen to retard the oxidation of iron(ii) for up to several 
days.^™-^'' A study of the effects of some common amino 
acids on iron(ii) oxidation at pi t 6-8 revealed cysteine to 
be among these compounds,'^-' whereas naturally occurring 
strong iron-binding ligands such as fulvic acid and oxalate 
have shown an accelerating effectJ^ "'^ ' 
Reduction of Iron(in) in Seawater 
Despite thermodynamic redox speciation calculations pre-
dicting negligible concentrations of iron(ii), the dynamic 
and variable chemistry of seawater means that this is not 
always the case. Physicochemical reduction processes of 
iron in seawater have been observed to cause significant 
pseudo-steady-state concentrations to persist under natural 
oxic conditions. The most studied physicochemical process 
of iron(ii) production in surface seawater is photoreduc-
lion. This occurs when UV irradiation causes direct and 
indirect photoreduction of colloidal and dissolved ferric 
species. Indirect photoreduction results from the reaction 
of iron(iii) with reducing species produced during irradia-
tion, whereas direct photoreduction refers to ligand-meial 
charge transfer (LMCT) reactions caused by photon absorp-
tion by iron complexes. Direct photoreduction is known to 
reduce the monohydroxide ferric species'^*' and a number 
of organically complexed dissolved species via LMCT reac-
tions (see ref. [75] and references therein), including certain 
siderophore chelates.'^*' 
Reduction of iron complexes is important in surface 
seawater as most of the dissolved iron is organically com-
plexed, and reductive dissociation in the presence of phy-
toplankton may provide a source of bioavailable iron to 
phytoplankton.'^^'^' In addition, several studies have shown 
the importance of the photoreduction o f colloidal iron in 
seawater*'*^'* although the nature of the colloids that pro-
mote photoreduction in seawater is unknown. 
Diel variations of subnanomolar (0 .1 - I nM) concentra-
tions of iron(ii) in naturally irradiated coastal water have been 
observed.'^^' However, according to the model formulated by 
Johnson et al. '^" photo-produced concentrations of iron(ii) 
in fully irradiated surface waters of open ocean gyres are 
likely to be in the picomolar range or less (assuming dis-
solved iron concentrations are ~0 .15 nM. which is typical in 
the Equatorial Pacific). 
Biomediated reduction is another process that can gener-
ate iron(ii) in seawater, although it is unlikely to be as efficient 
as photoreduction in surface waters. The bioreduction of 
ferric species is a well-known phenomenon of subsurface 
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bacteria found in lerresirial and marine sediments. Labora-
tory studies using cultured bacterial strains (e.g. Shewanelh 
putrefaciens^^^'^^ and S. a/ga'^^') have shown significant 
reduction rates of ferric colloids under anaerobic condi-
tions. In addition, recent evidence of cell surface reduction 
has been found for several species of marine phytoplankton 
(see below) and the chemical reduction of iron by natural 
organic matter (NOM) has also been observed at pH 3 - 6 , in 
the absence and presence of light'"**' and in the presence of 
bacteria.'*^' Further laboratory and in situ studies are required 
to confirm whether or not the chemical and biomediaied pro-
cesses mentioned above produce iron([i) at rates that are rapid 
enough lo maintain significant steady-state concentrations of 
iron(ii) in oxic seawater. 
Iron Inputs to the Oceans 
Iron is transported to the ocean via three major pathways: flu-
vial (riverine) input, atmospheric deposition, and processes 
occurring on the sea floor such as hydrothermal venting, 
sediment resuspension, and diagenesis (see Fig. 6) . 
To be transported by any of these pathways, iron must 
firstly become mobilized from the lithosphere by either 
mechanical action (i.e. erosion) or by thermal and chemi-
cal reactions (i.e. leaching, anoxia, or geothemial activity). 
Once in a mobile phase, many physicochemical processes 
can occur, altering properties such as solubility and chemi-
cal speciation, between the source-ocean interface. Further 
understanding of the global iron cycle will be gained by deter-
mining fluxes of iron to/in the water column of the open ocean 
and by assessing its transport in marine ecosystems. 
Fluvial Inputs 
Fluvial inputs transport iron to the coastal zone, following 
mobilization from soils and rocks. Particulate and dissolved 
iron concentrations in rivers are typically in the order of 
I mM and 1 M^M respectively (the estimated global mean for 
dFe in major rivers is 0.7 IXM'**^'). Upon mixing with seawa-
ter, both dissolved and particulate iron are scavenged when 
flocculalion occurs within the salinity/pH gradient.'^'"^'*' 
Estuarine mixing reduces the global dissolved iron flux to 
the ocean by about 70-95%. '^^ ' Rivers and land run-off are 
estimated to deliver approximately half of the surface global 
iron input to the oceans (see Fig. 6 ) , despite a high per-
centage of mobilized iron being lost in estuaries. Riverine 
inputs of iron to the oceans are extremely variable and dom-
inated by occasional flood events. Although this pathway is 
likely to provide the main source of bioavailable iron lo many 
coastal and shelf waters, it remains unknown what propor-
tion of suspended/soluble iron originating from land run-off 
is transported to open ocean gyres. 
Atmospheric Inputs 
The importance of the transport of atmospheric iron to the 
ocean surface is high. Firstly, because it accounts for a 
major portion of the global iron input to the World Ocean 
(see Fig. 6 ) but also because this pathway is considered the 
principle source of soluble and bioavailable iron to remote 
open ocean surface waters, often thousands of miles from 
the aerosol origin. '^ ' The majority o f aeolian iron received 
by the ocean arrives via wind-transported dust originating 
from arid and semi-arid landmasses, important areas being 
North Africa, the Asian deserts, and the Middle East. Due 
Atmosphere Atmospheric Inputs 
Ruvla l Inputs 
dFe ~ 1 (iM 
Fe - lOOOuM 
Lithosphere 
Sinking 
particulate 
0 .2-0 .5 X I 0 ' 2 g 
dFe/y 
2 0 - 5 0 X lO'^g 
Fe/y 
Ocean 
Biological recycling 
and upwelling 
d F e - 0 . 0 1 - 2 . 5 n M 
Hydrothermal 
and sediment Inputs 
(Fe - mM-»iM range) 
Fig. 6. Global iron minsport. Ambienl concentrations of dissolved iron (dFe) and particulate iron (Fe) are 
in white boxes, and appro.ximate annual fluxes are shown in black and white arrows. AppiDximate values are 
deduced from refs [87-90,95.96]. Riverine flux is estimated on the basis of 90% loss from esniarine mixing. 
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to their dependence on meteorological events, rates of dust 
production and w^et/dry deposition lo the ocean are sporadic. 
Approximate models for global and regional aerosol iron 
fluxes have been calculated using available field data.'^-^' 
These demonstrate the magnitude of dust flux to the ocean 
and the large-scale regional effects of the aforementioned 
arid areas. The overall annual dust flux to the oceans using 
the data compiled by Duce et al. has been estimated to be in 
the region of 500 x lO'^ g y r - ' . ' ^ l The atmospheric flux of 
iron to surface waters and its oceanic residence time depend 
on several factors, the most important being the percentage 
iron content of the mineral aerosols (for crustal aerosols this 
is usually assumed to be its abundance in soils and rocks, 
about 3.5%) and the soluble percentage of iron in aerosols. 
At present, a representative global average for the fraction 
of soluble iron (i.e. <0.2 or <0.45 nm filtered) from aerosols 
has not been reported, although a value of 2% was used for a 
recent global biogeochemicai model.'^' Laboratory protocols 
(i.e. leaching conditions) used fordissolution experiments are 
often different, making results difficult to compare. However, 
there are trends seen in the data such as the apparent lower 
solubility of crustal aerosols in comparison with marine and 
anthropogenic aerosols (see Table 2). 
Particulate loading is known lo affect iron solubility in sea-
water. Leaching experiments using marine aerosols in North 
Pacific surface water gave saturation concentrations of 1 0 -
17 nM (dFe).'''^' More recently, supporting evidence for this 
phenomenon was an observed relationship between dust con-
centration and percentage iron solubility for Saharan dust 
dissolution in Mediterranean surface w a t e r . T h e authors 
of this study repotted higher solubilities for lower dust inputs 
and by modelling the relationship they were able to estimate 
iron solubility for the low ambient dust concentrations in their 
study area. 
Aerosol iron solubility is also dependent on dust 
composition,'"^* meteorological phenomena,''*"' and the 
degree of cloud processing that the aerosol undergoes. 
Considerable differences have been seen between trace 
metal enrichment for aerosols of crustal and anthropogenic 
origin,"**^ '*'^' and simulated atmospheric conditions have 
been observed to cause chemical and photoinduced disso-
lution of aerosol i ron ."^ ' Due to this, the solubilities of iron 
in wet precipitation from different study areas are also vari-
able (approximately 10-50%) even when the mean values of 
each dataset are compared (see Table 3). 
Redox speciation changes during the lifetime of wet and 
dry aerosols are known to enhance iron solubility. This is due 
to the high solubility of iron(ii) compared to iron(iii) and ihe 
subsequent oxidation of iron(ii) to more labile amorphous 
species on the surface of aerosols.''** '^ At cloud/rainwater 
pH values, chemical- or photoproduced iron(ii) has been 
observed to have a half-life in the order of hours to days, 
and it has been postulated that iron(it) in aerosols is stabi-
lized by organic complexation,'"*^*'*"' although little evi-
dence has been reported to confirm this. However, there is 
increasing evidence that a major portion of dissolved iron 
in rainwater is organically complexed with ligands such as 
oxalate."08I 
Due to scavenging, tola! iron concentrations in wet 
deposition can be relatively high and are usually between 
5-1500 nM (see ref [101] and references therein). Reported 
iron(i() percentages of the dissolved iron in precipitation also 
show high variability (seeTable 4).The broad range of iron(it) 
fractions can be explained in terms of the variables discussed 
above for total iron dissolution (i.e. aerosol origin, cloud 
processing). In addition, there is strong proof that iron pho-
toreduction in atmospheric water is closely related to light-
induced diurnal cycling, including the redox cycling of other 
species such as copper, acetate, oxalate, sulfur(iv)/(vi), and 
hydrogen peroxide.'"'*"' The reactions with sulfurare con-
sidered particularly important due to the link with dimethyl 
sulphide (DMS) production as a potential feedback mecha-
nism for atmospheric exchange with phytoplankton.'"^' 
Hydroihermal Inputs 
In Ihe past few decades, high- and low-temperature hydro-
thermal systems have been identified at spreading centres 
Table 2. Percentage soluble iron in collected aerosols 
Percentage Medium Aerosol Ref. 
solubility |%] 
Marine aerosols 
5-50 Seawatcr. pll 8.11 Central Pacific Islands [98] 
marine aerosols 
- 1 0 Seaw-aler. pU 5.4—8 Nova Scolia. Canada (115] 
marine aerosols 
Cmstal origin 
-0 .05 Water, pll 3.8-5.3 Capo Verdi, North East [116] 
Atlantic (Sahara. Niger) 
- 0 . 4 Sea^ATiter, pH 8.11 Saharan soil, small [99] 
grain size 
<0.013-0.2 Water. pH 8 Laboratory acid-cycled [117] 
Saharan dusi 
Table 3. Percentage soluble iron in collected precipitation 
Results averaged over several measurements 
Percentage Medium Precipitaiion Ref. 
solubility f%] 
9.6 Rainwater. pH 3-8 Erdemli, TUrkey [118] 
26 Rainwater Wilmington, USA [101] 
37.8 Rainwater Dunedin, New Zealand f l09] 
41 Snow Eastern Antarctica [119] 
Table 4. Redox speciation of iron in collected precipitation 
Results averaged over several measurements marked with* 
Percentage Fe(ii) Medium Precipitation Ref 
in dissolved Fe 
fraction [%] 
24* Rainwater Coastal: Dunedin, 
New Zealand 
[109] 
60* Rainwater Coastal: Wilmington, USA [101] 
25-55 Rainwater Coastal: Boston, USA [120] 
25-74 Snow 
2-55 Fog, pH 
2.2-7.1 
Coastal and inland: 
Los Angeles, Bakersfield, 
and Delaware Bay, USA 
[110] 
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of mid-ocean ridges. The physicochemical effects of these 
sources are localized (e.g. high temperatures, low pH, enrich-
ment and depletion of different elements) but seawater end-
members produced by these systems are known to have very 
high iron concentrations, in the region of 1 mM. ' ' ^ ' ' 
The global flux of dissolved iron from hydrothermal activ-
ity is estimated to be in the region of I-10 x 10' - g yr" ' .This 
indicates that this pathway is potentially the largest supplierof 
dFe to deep waters. Nevertheless, it should be noted that sed-
iments in the vicinity of hydrolhermal areas have been found 
to be highly enriched in iron, suggesting that the majority 
of the dFe precipitates and therefore is not transported away 
from these areas. 
Sediment Inputs 
Within marine sediments, iron is generally found to have an 
abundance of 1-20% (by weight) with the highest enrich-
ment found near hydrothermal areas and ferromanganese 
nodules."^^' The upper sediments are often found to be 
areas of high chemical activity where early diagenesis occurs, 
causing the oxidation of organic matter and, consequently, 
the utilization of oxidants. The resulting chemical and bio-
logically mediated conditions mean that most paniculate 
iron species are potentially reducible and therefore can be 
reintroduced into the overlying waters in a more bioavail-
able form."^^' Recent studies have shown that even highly 
refractory iron species are reducible by certain bacteria."-'*' 
As a result of these redox reactions, solubilized iron{ii) 
is often found to accumulate in marine sediments and pore 
waters under anoxic conditions, often at micromolar con-
centrations. An example of this was seen over the tan-green 
colour change in pelagic sediment cores collected from the 
Peru Basin,' '^' which contained iron(ii) at 10-40% of the 
total iron content. However, on account of the rapid oxida-
tion of iron(ii) in oxic seawater, it is unlikely to be released 
into the overlying waters in an inorganic form unless the bot-
tom water is anoxic or there is only a short oxygen penetration 
depth."^-*' Hence dissolved iron(ti) and (lit) inputs from sed-
iments are only expected to be important in anoxic areas, in 
areas where there is a significant degree of turbidity, or i f 
there is a gradual release of iron in a chemically stabilized 
form (e.g. organically complexed). 
Iron Cycling in the Oceans 
Vertical Distribution 
Iron generally has a nutrient-type vertical distribution in open 
ocean HNLC waters, with depleted dissolved (<0.4 j im) con-
centrations of less than 0.3 nM in surface waters, increasing to 
0.4-1.5 nM below 500 m depth. In oligotrophic areas where 
the sources of iron are more prominent, surface and interme-
diate waters are often less depleted in iron and concentrations 
can be more variable (see Fig. 7). Interestingly, similar deep-
water dissolved iron concentrations have been reported for a 
number of ocean basins (average concentration of 0.76 nM, 
n = 30) and these show little inter-ocean fractionation." 
This phenomenon is surprising, considering the variabil-
ity in iron sources and a relatively short residence lime in 
deep waters (~70-200 yr). The consistent solubility observed 
may be controlled by either equilibrium between dissolved 
and suspended particulate and/or by the association of iron 
with strong organic ligands (see above). A model fitted to 
global datasets has been reported and supports the latter 
hypothesis,""' but for it to be valid the complexation reac-
tions must be rapid (> 10"'* M ~ ' s~') and the dissociation 
slow (<10~'* M ~ ' s~')."-**' Further open ocean studies are 
required to validate this hypothesis, and hence steady-state 
control of dissolved iron by association and dissociation of 
dissolved iron from particles should not be disregarded as an 
important mechanism for conlroUing iron solubility in deep 
waters.''-'*' 
Iron transport in the upper vs'ater column is far more 
dynamic due to intensified biological activity and mixing 
processes," '^*' and the estimated residence limes for iron 
reflect this. For example, residence times for dissolved and 
particulate iron in the upper 100 m of the Sargasso Sea have 
been calculated to be about 250 and 18 days, respectively."**^' 
The recent global model o f Moore et al.'^' indicates that 
the main processes exporting dissolved iron from the mixed 
layer in the open ocean to be detrainment and sinking detri-
tus, whereas the main inputs are entrainment and atmospheric 
deposition, although it should be noted that regional pro-
cesses such as upwelling are highly significant in certain 
areas. Within the euphotic zone, iron is also cycled within the 
biological pool. This has a significant effect on iron transport 
through the upper water column, and rates of iron uptake by 
marine organisms and remineralizalion are estimated to be of 
the same order as the input and export fluxes, where surface 
mixed layer global fluxes are in the order of 10'^ g(Fe)yr~' 
( = 2 x 10"*mol(Fe)yr-').I5' 
Iron Uptake by Marine Organisms 
Marine microorganisms acquire iron by either ion membrane 
transporters or siderophore systems. Siderophore systems 
have been observed for terrestrial bacteria and ftingi''^'' 
and, more recently, for marine bacteria. They function by 
the excretion of low molecular weight (300-1000 Da) iron 
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Fig. 7. Dissolved iron (<0.2nm) profiles from the North-East 
Atlantic Ocean (IRONAGES Cruises M and III, 2002). 
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chelators, often found to have hydroxamate or catecholate 
functional groups, which selectively bind iron(in) and are 
then transported back into cells via chelate specific transport 
proteins. Siderophore production is known to be used as an 
iron uptake mechanism for heterotrophic and cyano bacteria 
but at present there is no conclusive proof that these sys-
tems are used by eukaryotic marine phytoplankton, although 
they have been observed to utilize siderophore-bound 
i ron j 132.1331 
There is growing evidence that siderophore compounds 
excreted by marine bacteria form a major component of the 
strong iron-binding ligand pool. For example, production of 
two classes of ligands ( L ] , L2) were observed during the 
IronEx II mesoscale iron enrichment experiment following 
iron addition."^' These had conditional stability constants 
in the order o f / T r f L . L = ' O ' ^ M " ' and lO" M " ' , respec-
tively (where the constant is calculated for all inorganic iron 
(Fe') rather than free Fe-*"^ ). The binding constants of these 
ligands were similar to the binding constants of catecholate 
and hydroxamate marine siderophores produced by labora-
tory cultures and low molecular weight ligands extracted from 
coastal seawater (/J-ft-L.Fc = iC'-^-lO'^-^ M " ' ^ ^ 5 - i 3 7 i y 
The presence of these compounds and their high affinity for 
iron has been predicted to have significant effects on dis-
solved iron speciation, such as increased dissolution rates 
and solubilities of ferric hydroxides.''-***' 
Marine siderophores that have been characterized are 
reported to have high cellular membrane affinities or 
are produced by bacteria associated with particles.' 
Repressed siderophore production has been observed under 
iron-replete conditions'''*-*' but production of characterized 
siderophores have also been observed in iron-rich coastal 
waters.''**' Thus, the significance of siderophore production 
in different regions is unknown, although it is thought to be 
favoured in low turbulence areas with high concentrations of 
biomass and dissolved iron.''''^' 
Ion membrane transporters are used by both marine bac-
teria and phytoplankton but, unlike siderophore species, iron 
uptake is directly related to the concentration of free inorganic 
iron species ([Fe']). These free species represent charged 
hydrolysis and mono-substituted inorganic species which are 
in equilibrium with the less-labile organic species reported 
for seawaier. 
It is uncertain whether specific free iron species are pref-
erentially utilized by ion membrane transporters (i.e. free 
iron([[) or (nt)). Furthermore, there is evidence that cell 
surface mechanisms increase [Fe'] by accessing organically 
complexed iron (see below). Nevertheless, workers investi-
gating iron uptake by cells oflen use the *free ion model', 
Eqn 4,"'**' to interpret data: 
ML org ^inoiB ^ M X i n r n s M « I 1 (4) 
In this model, Ari and kz are the association and dissocia-
tion rate constants, respectively, for fi-ee iron binding with 
trans-membrane ligands, and is the rate constant for 
uptake across a cell membrane. The model assumes that only 
free inorganic iron becomes bound to transport proteins on 
the cell membrane, from where it either dissociates back 
into solution or is transported into the cell. Iron membrane 
transport is thought lo be driven by ATP or electrochemical 
gradients."'*''' 
The rate of iron uptake can operate under equilibrium 
or kinetic control. The former implies that k\ and :?> k\n, 
whereas kinetic control implies that k2 is slow and k\ and 
k\n are fast. Based on experiments on coastal phytoplank-
ton, the rale-determining step is kinetically controlled by the 
binding of Fe' to the transporter site. This is ultimately depen-
dent on the loss of water from the Fe' inner coordination 
sphere."**^-"*«'^^' 
Comparisons of several phytoplankton species revealed 
that, when normalized to cell surface areas, they all had a 
similar maximum limit of iron uptake based on the kinetics of 
iron exchange with transport proteins and the space available 
on the cell membrane."'*^-'^°' Further interpretation of this 
phenomenon shows that the surface area to volume ratio of 
cells becomes important with regards to iron uptake, when 
diffusion limitation ceases to dominate (cell diameters less 
than 60 tim)."'*^' 
In situ studies have shown that the uptake of iron by 
smaller cells is far more efficient when normalized to unit 
cell volumes. In addition, open ocean phytoplankton are able 
to reduce their cell sizes to cope with iron limitation and 
even adapt their metabolism to cope with lower cellular iron 
requirement for growth."^'-'^^' 
Additional Sources of Bioavailable Iron 
Ferric reduction is an important process for organisms that 
use ion membrane transporters, as it provides a further source 
of bioavailable Fe' species for marine organisms and can 
recycle otherwise refractory iron species. Reduction occurs 
in marine waters via physicochemical processes (such as pho-
tochemical and thermochemical reduction of particle-bound 
iron or iron chelates) and various forms o f biological reduc-
tion (see above). However, there is growing evidence that 
in the absence of sufficient external sources of Fe', iron-
deficient phytoplankton are able to reduce iron(iii) chelates, 
including siderophores, using trans-membrane reductases 
(e.g. NADH, NADPH). Models relating cell surface reduc-
tion to cell radius show that, unlike siderophore systems, 
larger cells benefit more from this process whereas small 
cells benefit from the resulting increase of Fe' in the bulk 
seawaier."^^' 
Cell surface reduction of iron chelates has been observed 
for several species of marine diatoms including Tlialas-
siosira oceanica}^^^-^^^ T. weiss/logHy^^^ and Phaeodacty-
lum Ir icornu/Hm.' '^*' In the case of T. oceanica, evidence 
suggests that iron(ii) production can be faster than the cell 
uptake rate (allowing for a large proportion lo diffuse away 
from the cell) and that it is the resulting oxidized Fe(iii)' 
species that is taken up by the cell. Furthermore it was 
observed that the reduction rate was proportional to the log-
arithm of the ratio of the ferric and ferrous binding constants 
for individual complexes, i.e. logio(/^Fe(m)L/^FcOi)L)-"^' 
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Particulate iron is another source of Fe' that can be used 
by certain marine organisms to satisfy their iron require-
ments. It has been demonstrated that Fe' can be obtained 
by phytoplankton from amorphous iron hydroxides"^'-
and iron bound to natural marine colloids.'*''*' This can occur 
either by thermal- or siderophore-mediated dissolution and 
by plasma membrane reductase mechanisms, such as those 
described above. Another important pathway for the creation 
of bioavailable iron is the digestion of colloids and biogenic 
particles. It has been estimated that the production ofbioavail-
able iron from ingested colloids during protozoan grazing 
exceeds that of photoreduction when the entire water column 
is considered."^''l In addition, mixotrophic flagellates can 
also obtain iron through ingestion of bacteria and this path-
way has been estimated to account for to up to -^50% of the 
total iron uptake by autotrophs in the Equatorial Pacific' 
Conclusions 
Iron plays a critical role as a limiting micronutrient for pri-
mary production in the World Ocean. This review considered 
the marine biogeochemistry of the element in relation to mod-
elling iron transport and biological utilization in the marine 
environment. Specific issues that need to be addressed to 
improve our understanding include the following five items. 
Analytical Constraints. In the past decade analytical tech-
niques with picomolar detection limits have been 
developed for the determination of dissolved iron, but 
inconsistencies remain between reported dissolved iron 
datasels (e.g. for aerosol iron solubility and open ocean 
concentrations). This demonstrates a clear need for a 
sub-nanomolar iron certified reference material and more 
reliable protocols for sample collection and filtration, 
pre-treatment (e.g. acidification), and storage. Consis-
tency between workers will only be achieved by continued 
international collaboration and rigorous intercomparison 
exercises, both at sea and in the laboratory. 
Sources and Fate of Marine Iron. To improve regional and 
global iron flux estimates, further temporal and spatial 
studies of iron distribution and speciation in the open 
ocean are required. These should include surveys that 
ascertain the sources and magnitude of iron inputs, e.g. 
by determining aerosol input fluxes, isotopic abundances, 
and elemental ratios (Fe/Al for example), as well as tracer 
studies that target specific processes that transport the 
element in the water column. 
Significance of Iron-Binding Ligands. Speciation studies and 
global models highlight the importance of experiments 
that characterize and quantify iron-binding ligands in 
seawater. Organic complexation strongly influences the 
thermodynamics of iron and hence its redox state and 
solubility. In addition, it is predicted that the kinetics of 
important processes, such as phase transitiotis, biological 
uptake, and scavenging, are perturbed by organic com-
plexation. Hence, further laboratory and in situ studies 
that investigate the effects of complexation on all of these 
processes are required. In particular, there is a need for 
data relating to iron(n) complexation. 
Kinetics of Complexation. Reported conditional stability con-
stants for natural ligands are becoming more available but 
there is also a need for conditional kinetic constants for the 
complexation of iron(ii) and (iii) with dissolved organic 
and particle-bound ligands in seawater. This wil l help to 
determine the timescales of such reactions and whether 
they can compete with important mesoscale processes 
such as precipitation and biological uptake. 
Bioavailability and Phase Transitions. Current iron bioavail-
ability models are constrained by the lack of well-defined 
iron speciation data. Most iron uptake models consider 
only 'free iron species' (i.e. truly dissolved, unbound 
species) or biologically produced siderophore species that 
are targeted by membrane receptor sites, but iron concen-
trations determined during field and laboratory studies are 
operationally defined fractions. Therefore obtaining near 
real-time data describing the fractionation of the iron pool 
(qualified by size and complexation coefllcients) will help 
to integrate theoretical uptake models with experimen-
tal data and better describe the chemistry of iron at cell 
membranes. 
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High temporal and spatial resolution 
environmental monitoring using flow injection 
with spectroscopic detection 
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This article describes the use of flow-injection tech-
niques combined with molecular spectroscopic 
detection (spectrophotometry, fluorescence and 
chemiluminescence) for the rapid determination of 
chemical parameters in environmental matrices. The 
emphasis is on field deployment in order to obtain 
high temporal and spatial resolution data without 
the need for discrete sample collection and storage. 
Specific examples considered are the determination 
of phosphorus in river water and dissolved iron in 
open ocean water. The environmental drivers for 
these detemiinations are presented and the analy-
tical capabilities of flow-injection instrtimentation 
for remote deployment are discussed. © 2 0 0 2 
Published by Elsevier Science B.V. All rights 
reserved. 
KeyuvrtU: Chemiluminescence; Environmental moniioring; Plow 
injection; Fluorescence; Molecular speciroscopic detection; 
Spatial resolurion; Spectrophotomctr>-. Temporal resolution 
1. Introduction 
Global water and elemental (for example car-
bon and phosphorus) cycles are controlled by 
long-term, cyclical processes and are perturbed 
on much shorter timescales by anthropogenic 
activities. A schematic diagram of some of the 
major global environmental processes control-
ling these cycles is shown in Fig. 1. 
In order to elucidate the mechanistic and 
kinetic aspects of the processes and to investi-
•Corresponding author. E-mail: pvi-orsfold@pl>'mou ih.ac.uk 
gate element-specific biogeochemical cycling in 
particular environmental compartments [1], the 
acquisition of high-quality analytical data is a 
pre-requisite. Because of the rapid dynamics of 
many environmental processes, such as in-
stream dynamics of phosphorus exchange in 
freshwater systems, and spatial variations in 
conccntradons, such as occanic-scalc iron and 
catchment-scale nutrient distributions, high 
temporal and spatial resolution data are often 
required. 
Laborator}' methods require targets to be met 
for accuracy (and hence must be free from 
contamination), precision and detection limits, 
and possibly sample throughput, cost per sam-
ple and waste minimization. Field-based meth-
ods pose additional challenges, including the 
need for robust and reliable instrumentation, 
fully automated (unattended) operation and data 
acquisition, on-line sample conditioning (such as 
filtration), on-board calibration and long term 
operation |2]. TTie exact nature of each goal 
will depend on the location and on the analy-
tical and environmental requirements of the 
application. 
This article discusses the suitability of flow 
injection (FI) for the continuous monitoring of 
specific chemical parameters in natural waters. 
'Fhe need for high-quality environmental data 
with good temporal and/or spatial resolution is 
discussed with reference to two specific exam-
ples: the determination of phosphorus in rivers 
with high temporal resolution; and, the deter-
mination of iron in open ocean waters with high 
spatial resolution. 
0165-9936/02/$ - sec front matter 
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Fig. 1. Schematic diagram of the major global environmental processes. 
2, Flow injection 
The Fl technique is now an established ana-
lytical tool for automating wet chemical analyses 
and facilitating on-line sample treatment (physi-
cal and chemical) for a range of detection sys-
tems. It is also used in process analysis [3], but 
this article emphasizes its potential for in-sittt 
environmental monitoring. The attractive fea-
tures of R for this purpose are shown in Table 1 
and a schematic diagram of a 'field' FI analyzer 
is presented in Fig. 2. 
3. Freshwater processes 
The behavior of trace elements in freshwater 
systems is often complex because of the variety 
of physical, chemical and biological processes 
involved. In the case of phosphorus, its 
dynamics in rivers and streams can be verj' 
rapid and the rate of cycling between biological, 
dissolved and particulate compartments (Fig. 3) 
must be considered [4]. 
Transformation between the different phos-
phorus fractions occurs during transport 
through the catchment and depends upon such 
processes as desorption, dissolution, extraction 
and mineralization from soil, plant, stream bed 
and aquatic biota [5]. Although there are exten-
sive data on phosphorus concentrations in riv-
ers, there is a paucit)' of information on short-
term changes in phosphorus concentrations 
(and fluxes) during rain events. A critical period 
for such changes is the onset of high flows in 
autumn and winter, when terrestrial and sedi-
ment-bound phosphorus is rapidly flushed into 
stream channels. 
Continuous monitoring is essential to char-
acterize the nature, magnitude and frequency of 
these discontinuous inputs of phosphorus into 
river systems. This will allow a more accurate 
calculation of fluxes and improved dynamic 
modeling of in-stream processes. Consequendy, 
the acquisition of high-qualit)', in-sittt analytical 
Table 1 
Attractive Features of B for in-situ environmental monitoring 
• High temporal and spatial resolution 
• Rugged, portable, automated instrumentation 
• Contamination-free, enclosed environment 
• Sensidve and selective dececdon 
• In-line removal of matrix interferences, such as sea salts 
• Long-term stability (reagents, standards, pumps, 
detector) 
• In-line filtration to remove suspended particulate maner 
• In-line treatment (for example acid wash) to prevent 
internal biofouling 
• On-board calibration and quality control (for accuracy) 
• Simple, rapid field maintenance 
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Fig. 2. Block diagram of a flow-injection system for remote environmental deployment. 
data with good temporal resolution is required 
in order to improve our understanding of the 
biogeochemisCT)' of phosphorus and other trace 
elements in freshwater systems. 
3.1, Monitoring 
Table 2 [6-11] lists examples of FI instru-
mentation that have been used for the in-situ 
determination of nutrients in freshwaters. His-
torically, field systems have topically incorpo-
rated solid-state detection based on light-
emitting diodes (LEDs) and photodiodes. Such 
solid-state detection devices are low cost and 
rugged [12] but are limited in that they can 
provide an integrated response only over the 
spectral bandwidth of the L E D (t>'pically 20-30 
nm). 
Lend 
Water 
rcnc i lna l 
Sou ices 
Sorptton/De&orption Or^iiimc P MinemliTafioii 
Desoipuon/M menu tzal ion 
liiorgaiuc I* 
Inorganic and Detnial 
l*anicu!aie P Sorpiion 
Death 
Diagcnciic 
rcmobilization 
Water 
Diagcnetic 
remobilizaiion 
Living Organisms 
(Uactciia/AlgacAMacmphytc) 
Resuspenston Sedimcatatton 
Scdimeni 
Fig. 3. Phosphorus cycling in freshwater environments. 
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Table 2 
Field deployment of flow-injecrion instrumentation with spectrophotometric detecrion for monitoring freshwater environments 
Analyte Matrix L O D (uM) Detecdon 
FRP Riverine 0.67 Miniature C C D 
FRP Riverine 0.40 L E D 
TP Riverine, wastewater 4.84 L E D 
NO3-N Riverine 1.71 L E D 
NO3-N Riverine 0.50 Miniature C C D 
FRP, NO3-N Riverine 0.30, 0.70 Spectrophotometry 
Comments 
FRP: filterable reaaive phosphorus; TP: total phosphorus. 
Dual photometric detector 
UV photooxidation/thermal digestion 
Micro-flow injection system 
Ref. 
[6] 
[7] 
[8] 
19) 
[10] 
[11] 
More recently, instrumentation incorporating 
miniature array detectors has provided 
enhanced information through fiill spectral 
acquisition and signal processing [6,10] but it 
requires more sophisticated interfacing hard-
ware and software. Jn this regard, graphical 
programming packages, such as LabVlEW, 
have been able to provide excellent control and 
data-processing capabilities. The use of micro-
analytical systems that incorporate miniature 
solenoid-type pumps and valves for lower 
reagent consumption and ease of operation is 
another recent and important development 
[6,10,11]. 
4. Marine processes 
is of particular biogeo-
as it acts as a generic 
The carbon cycle 
chemical importance 
indicator of the health of the biosphere [13]. An 
aspect of the carbon cycle that has attracted 
considerable attention is oceanic primary pro-
ductivity, which results in fixation of carbon by 
photosynthesis and acts as a crucial link in CO2 
exchange between atmosphere and seawater 
[14]. The rate of primary production depends 
on the concentration of macronutrients (such as 
nitrogen, silicon and phosphorus) and micro-
nutrients (such as Co, Zn, Cu and Fe), and, in 
certain regions, such as the Southern Ocean, 
iron has been shown to be the limiting nutrient. 
A detailed understanding of iron-seawater bio-
geochemistry (Fig. 4) is therefore important for 
the accurate prediction of net primary produc-
tion in the worid*s oceans. 
This in turn requires analytical techniques for 
mapping iron at sub-nanomolar concentrations 
across ocean and local scale transects, deter-
mining its chemical speciarion (for example 
redox states) and studying its uptake by living 
organisms. Iron, like all nutrients, is distributed 
across particulate and dissolved phases via a 
variet)' of biogeochcmical processes. The kinet-
ics of these processes are often rapid and sam-
ple integrit)' cannot be guaranteed during 
storage. Therefore, environmentally relevant 
measurements can be made only in the field, 
thus requiring reliable ship-board or in-sittt ana-
lydcal techniques. 
4.1 . Monitoring 
For the study of dynamic marine environ-
ments, such as estuaries, the high temporal 
resolution of F l is an attractive feature. Mon-
itoring phosphate concentrations during a tidal 
cycle, with subsequent flux calculations, is a 
good example of this application [15]. However, 
for the study of open-ocean environments, such 
as the ship-board mapping of dissolved iron, the 
high spatial resolution and the rapid response of 
F l are the most important features. As stated 
above, this is particularly important when sam-
ple composition is likely to change during pre-
servation and storage, for example Fe^l) / 
Fe(IIJ) redox states [19-22]. Because F l effec-
tively isolates the sample from the surrounding 
environment, contamination from the ship's 
laboratory is minimized, particularly when the 
F l analyzer is housed within a portable, laminar 
flow hood. Other important features of F l for 
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Fig. 4. Speciacion of iron in the marine environment. 
ship-board monitoiing are low reagent con-
sumption, waste containment, high reliabilit>' 
and ease of maintenance. 
Current ship>-board flow systems use a variety' 
of detection methods in order to maximize the 
sensitivit)', precision and selectivity for indivi-
dual trace elements. Table 3 lists Fl methods 
that have been used for shipboard measure-
ments of chemical parameters in marine waters. 
Spectrophotometry, fluorescence and chemilu-
minescence have all been used for detection, 
and a common feature of many of the reported 
methods is the incorporaoon of a solid-phase 
micro-column containing an immobilized 
K E V L A R 
H Y D R O W I R E 
S H I P ' S L A B O R A T O R Y ! 
COffTINUOUS 
SAMPLE 
TREATMENT 
AUTOMATED 
LOW INJECTION 
A N A L Y S E R 
TOWED 
F I S H 
Fig. S. Schematic diagram of dean, ship-board, sampling and analysis approach. 
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Table 3 
Ship-board and submersible deploym 
environments 
Analyte Location L O D 
(nM) 
Al(lll) Open ocean 0.15 
Co(ll) Open ocean 0.5 
Cu(l l) Coastal \A^ters 0.1 
Fe(ll) Open ocean 0.45 
Fe(ll) Open ocean 0.04 
Fe(lll) Open ocean 0.01 
0.02 
Mn(ll) Coastal waters 0.1 
Zn(ll) Open ocean 0.1 
H2O2 Open ocean 10.6 
N O , Open ocean 100 
N O 2 , N O J Open ocean 4.6 
NH3. Open ocean 1 
Si(OH)^ Coastal waters 300 
pH Open ocean -
Open ocean -
Detection Comments 
Fluorescence 
Chemiluminescence 
Chemiluminescence 
Chemiluminescence 
Chemituminescence 
Chemiluminescence 
Chemiluminescence 
Fluorescence 
Chemiluminescence 
Spectrophotometry (with L E D ) 
Fluorescence 
Fluorescence 
Spectrophotometry 
Spectrophotometry 
Spectrophotometry 
Ref. 
Lumogallion, Bnj-35 [16] 
Gallic acid, hydrogen peroxide [17] 
Hydrogen peroxide. 1,10-phenanthroline [18] 
Brilliant sutfoflavin, hydrogen peroxide [19] 
Luminol, dissolved oxygen [20] 
Hydrogen peroxide, luminol [21] 
(22) 
7,7,8,8-Tetracyano-quinodimethane [23] 
P-tosyi-8-aminoquinoline [24] 
Cobalt( l l ) , luminol [25] 
N 1 N E D , suphanilimide, cadmium reduction, [26] 
submersible 
Aniline, imidazole, cadmium reduction [27] 
O P A , dialysis temperature controlled [27] 
Ammonium molybdate, tin chloride, [28] 
submersible analyzer 
m-Cresol purple, temperature controlled [29] 
Phenol red, temperature controlled [30] 
chelating ligand for pre concentration of the 
analyte and matrix removal (such as the major 
ions in sea salt). One of the most popular 
ligands is 8-hydroxyquinoline [16,18-24]. With 
direct spectrophotometric methods, that is no 
micro-column, care must be taken to minimize 
refractive index (Schlieren) effects [28]. 
Typical on-line treatments with such methods 
include reducior columns for redox speciation, 
such as N O 2 / N O 3 , and filtration to remove 
suspended particulate matter. On-line seawater 
supplies (Fig. 5) from towed fish can be coupled 
with filtration units and FJ to provide near-real-
time analysis, for example of dissolved or total 
macro-nutrient and micro-nutrient concentra-
tions in surface waters [16,22]. Another option, 
particularly for transient species, is the deploy-
ment of a submersible FI analyzer [26,28]. 
Ship-board FI techniques are not restricted to 
measuring macro-nutrients and micro-nutrients. 
Methods for determining other fundamental 
parameters that require high temporal and spa-
tial resolution measurements (such as pH, 
pCOz. T C O 2 [29,30] and H2O2 [25]) have also 
been adapted for high-precision ship-board use 
in a R system. The small size and weight of FI 
instruments also permits simultaneous muiti-
analyte measurements [27,31]. 
5. Monitoring atmospheric processes 
R instrumentation for environmental mon-
itoring has been applied principally to aquatic 
environments but it has also been used, albeit 
less frequendy, to monitor atmospheric pro-
cesses. Surve)'ing the large-scale fluxes of gases 
and aerosols transported in the atmosphere 
requires high temporal resolution because of the 
extreme seasonal and diurnal variability. Gas-
diffijsion R has been used successfully to 
measure gases, such as ammonia [32], sulphur 
dioxide [32] and nitrogen dioxide [33]. This 
instrumentation is based on the use of permea-
tion denuders to transfer the atmospheric sam-
ple into the FI manifold, which provides the 
opportunity for preconcentration and con-
tinuous monitoring. Direct aerosol analysis is 
more difficult because long sample-collection 
times are required and because a high percen-
tage of aerosols, including terrestrial dusts, exist 
in the solid phase. 
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6. Future trends 
FI instrumentation and chemistries for field 
monitoring have evolved by a combination of 
technologj'-driven advances, such as miniature 
detectors and novel pumping devices, and 
environmental process requirements, such as 
the need for low-level, ship-board iron determi-
nations. The key to future developments is an 
even closer interaction between analytical che-
mists and environmental scientists so that the 
technique can be targeted at applicadons where 
the lack of high-qualit)' analytical measurements 
are currendy limiting our understanding of bio-
geochemical processes. 
In terms of instrumentation, there will be 
continuing advances in hardware and software, 
but important issues that need to be addressed 
include sample presentation (for example filtra-
tion), instrument design (including suitable 
housings), miniaturization (but not necessarily 
nanotechnolog)'), reductions in reagent con-
sumption and remote communication. The 
chemistries and the method protocols used with 
such hardware will also need to be improved 
and standardized. For example, operational 
protocols for on-line sample treatments, such as 
acidification and removal of suspended particu-
late matter, methods for determining speciation 
and particular operational fractions, and valida-
tion of field data, through intercomparison 
exercises and the use (and availability) of 
suitable certified reference materials. 
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A shipboard-deployable, now-injection (Fl) based instrument 
for monitoring iron(ll) in surface marine waters is 
described. It incorporates a miniature, low-power photon-
counting head for measuring the light emitted from the tron-
(ll)-catalyzed chemiluminescence (CL) luminol reaction. 
System control, signal acquisition, and data processing are 
performed in a graphical programming environment. The 
limit of detection for iron(li) is in the range 8-12 pmol L" ' 
(based on 3s of the blank), and the precision over the 
range 8-1000 pmol varies between 0.9 and 7.6% {n = 
4). Results Trom a day-night deployment during a north-
to-south transect of the Atlantic Ocean and a daytime transect 
in the Sub-Antarctic Front are presented together with 
ancillary temperature, salinity, and irradiance data. The 
generic nature of the components used to assemble the 
instrument make the technology readily transferable to other 
laboratories and the modular construction makes it easy 
to adapt the system for use with other CL chemistries. 
Introduction 
In much of the open-ocean, the major nutrients (nitrate, 
phosphate, and silicate) control primary production by 
phytoplankton, but In vast areas of the Southern and Pacific 
Oceans, iron has been shown to be growth limiting ( / - J ) . 
Accurate determination of iron in seawater is therefore 
fundamentally important to our understanding of the 
dynamics of marine ecosystems and their role in global 
climate change. However, despite its abundance in the Earth's 
cnist. dissolved iron is present at extremely low levels (< 1.0 
nmol L"') in the open ocean (4). which is primarily the result 
of Its low solubility In seawater. 
• Corresponding author phone; +44 1752 233006; fax: +44-1752-
233009: e-mail: pworsfold9plymouth.ac.uk. 
' AnianrUc CRC. 
' University of Plymouth. 
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It is particularly important to determine the lower redox 
slate. iron(H). because of its greater solubility and potential 
bioavailability (5. 6). However, iron(ll) is a transient species 
in oxygenated waters, existing at low picomolar concentra-
tions, and therefore making measurements that do not 
perturb the redox balance is extremely difficult. At seawater 
pH. iron(II) is rapidly oxidized by Oz and H2O2 to the more 
thermodynamically favored iron{Ill) form (7. fl). lron(ll) 
persists due to a combination of photochemical (5. /O, 
thermal.enzymatic.and microbial cycling pathways ( / / . 12). 
Its oxidation rate is retarded at low temperatures (7). and 
although there is no direct evidence for the presence of iron-
(lO-specific ligands in marine waters, organic complexation 
may promote iron(lll) photoreduction and thus slow oxida-
tion rates further (/O, /2). Moreover. iron(II) may be supplied 
to the ocean through atmospheric deposition ( / i ) and 
diffusion from reducing sediments {14). The ratio of iron(II) 
to "total" dissolved iron(II+llI) in surface seawater Is thus a 
balance between the strength of the sources of iron(lI), rates 
of reduction and oxidation, and complexation of each redox 
state by (in)organic ligands. 
Due to the short half-life (several minutes) of iron(ll) 
species in seawater. measurements are best performed in 
situ or immediately after underway sampling, by delivering 
seawater directly from the ocean to the analyzer. Discrete 
vertical sampling for iron(ll) using Go-Flo bottles Is prob-
lematic because during collection, retrieval, and analysis, 
the redox speciation may change due to oxidation to iron-
(III). hydrolysis, and precipitation to form colloidal and 
oxyhydroxide species. Alternatively, the analyte can be 
stabilized in situ using strong iron{II) chelators (e.g. ferrozine) 
(15. 16) for later analysis, but this may promote a redox shift 
toward the reduced form (17.18). Ferrozine can also be used 
without preconcentratlon by incorporating long path length 
capillaries (2-5 m) to achieve moderate detection limits 
(100-200 pM) with absorbance spectroscopy {19. 20). It is 
important to appreciate that all iron speciation results are 
essentially operationally defined. 
Existing techniques for iron determinations In seawater 
can be broadly categorized into "land-based" (graphite 
furnace atomic absorption spectrometry (CFAAS) {21) or 
inductively coupled plasma mass spectrometry (ICP-MS)) 
{22) and "ship-based" (flow injection (FX) with chemilumi-
nescence (CL) (23) or spectropho tome trie (24) detection or 
cathodic stripping voltammetry (CSV)) {25) methods. The 
advantages of shipboard systems are near real-time data with 
increased temporal and/or spatial resolution and the ability 
to modify research strategies in response to environmental 
change or inadvertent contamination. 
In this paper, we describe a portable FI-CL instrument 
for the on-line monitoring of ironflO in surface seawater. 
based on the catalytic effect of ironfll) on the luminol reaction 
in the absence of added oxidant (26-29). The method can 
also be used for dissolved iron(II+in) measurements, after 
minor modification to the manifold and software (23). FI-CL 
systems for dissolved Iron determinadons in discrete sample 
(30-32) and for investigadng ironfll) oxidadon rates in syn-
thetic media (33) and eutrophic lakes (34) have been reporied. 
The mechanism of the two step luminol oxidation chemi-
luminescence reacdon has recently been described in detail 
(35, 36). An automated Fl-spectrophotometric system has 
previously been described (37) for under\vay determination 
of dissolved iron in the surface ocean (5 min resolution). but 
the reaction, based upon the catalytic oxidation of N.N-
dimethyl-p-phenylenedlamine dihydrochloride (DPD), can-
not be used for Iron redox speciation studies. The automated 
10.102T/csO20O45v CCC: S22.00 e 2002 Amcftam Chemical Society 
Published on Web O9ftt/200J 
in Sim mentation reported here, however, can be used for the 
continuous underway measurement of ambient iron(ll) in 
seawaier. The system Incorporates a miniature, low-power 
(5 V) photon-counting head detector and is controlled 
through graphical user software programmed in National 
Instruments LabVIEW. Performance characteristics and 
analytical figures of merit are presented, together with results 
of shipboard deployment and evaluation over several day-
night cycles during a norih-soulh transect through the 
subtropical Atlantic Ocean and a daytime transect in the 
Sub-Antarctic Front south of Australia. 
EKpeiimental Section 
Instrumentation. The system was designed as a multipurpose 
instrument which facilitates computer control of mains-
powered peristaltic pumps. low voltage microsolenoid pumps 
and microelectronic switching, injection and autosampler 
valves, while simultaneously acquiring measurement data 
from one or two pholomultipliers (PMTs). and up to 14 other 
unspecified analogue units. The instrument consists of two 
enclosures: a main control unit houses the power supply 
and power control sections, and a separate smaller, isolated 
enclosure houses the photomuliiplier interface and associ-
ated electronics. 
Instrument control is performed using a type II PCMCIA 
DAQCard-DIO-24 input/output (I/O) card (National Instru-
ments Corp.. Newbury. UK) providing 24 digital transistor-
transistor logic (TTL) lines. Signal acquisition is achieved 
through a multifunction NI DAQCard-700, incorporating a 
16 channel. 12 bit analogue-to-dlgital converter. In addition, 
eight digital TTL outputs on this card provide supplementary 
lines used in switched gain amplification of the PMT signals 
(four modes). Both cards are operated through a Toshiba 
Satellite 3I0CDS Pentium laptop computer (Toshiba Infor-
mation Systems Ltd.. Weybridge. UK). Communications 
software ^^ 'as written In LabVIEW version 5.1 (National 
Instruments Corp.). A generic LabVIEW W(virtual instrument 
subroutine), produced by Ruthem Instruments Ltd. (Bodmin. 
UK), provides basic control of the Instrument acquisition 
and output functions. This W was later integrated within a 
secondary routine for automation, display, and data pro-
cessing functions. In combination, the two VTsprovide a fully 
functional virtual instrument designed for a variety of trace 
metal analyses based on incorporation of CL chemistries 
into Fl manifolds {381, 
A LabVIEW V7 consists of two component windows: the 
front panel and the wiring diagram. The front panel is where 
the program is designed and contains ready-to-use switches, 
buttons, controls, and graphical displays of detector readings. 
The connections between each element in the front panel 
appear in a wiring diagram, which also includes additional 
functions for matherrtatical operations, file management, and 
I/O of data and controls via acquisition cards. 
Figure 1 shows the flow-through design used for the 
sampling and determination of ironfll) in surface seawaier. 
The pumps, valves, and detector used for the online iron(II) 
FI manifold (shown on the right-hand side of Figure 1) were 
coupled to the automated Instrument described above. The 
FI manifold is a modification of that described in Bowie et 
al. i23i for the detenmlnation of "total' dissolved iron(lI+IIO-
For shipboard use. where addidonal space was available, 
conventional peristaltic pumps (Cilson Minlpub 3, Anachem 
Ltd.. Luton. UK) were used to minimize flow pulsing. These 
pumps could be replaced by solenoid operated self-primlng 
micropumps to miniaturize the system further for remote 
field deployments, although in-line filtration is essential with 
such devices to remove particulate material and prevent 
blockages Inside the pumps {39). Injection vahres I I and 12 
are 6-port Cheminert low-pressure valves (model C22. Valco 
Instruments Co.. Houston, U.S.A.) with microelectronic two 
position actuators and '/4-28 fittings. Electronic switching 
valves are 3-way. 2-posiiion direct l i f t solenoid valves, 
containing PTFE welted parts and zero dead volumes (model 
EW-0i3B7-72. Cole-Parmer Instnjment Co.. Hanwell. UK). 
Switching valves are set by default to normally open-common 
(NO/COMM) when de-energlzed and to the normally closed-
common (NC/COMM) position when power is supplied. 
Pumps and switches are operated at 5 V DC (TTL) and 12 V 
DC. respectively, supplied from the main control unit. A 
power saver relay was used to reduce the input voltage from 
12 to 8 V DC when energizing the solenoids for extended (> 2 
min) periods, to prevent coil damage. 
The detection system consists of a flow cell constructed 
from coiled transparent PVC tubing (1.0 m m i.d.. Altec, Hants, 
UK) and mounted on the window of a side-on photon-
counting head (model H6240-0i. Hamamatsu Photonics, 
Welwyn Garden City. UK). This compact unit incorporated 
a low-noise PMT and internal high-voltage power supply. I( 
is supplied with a low voltage (5 V DC) source from the main 
control unit. The photon counting circuitry produces a TTL 
output pulse train, modulated by the light intensity received 
at the PMT window. Tills pulse train is integrated in a resistor-
capacitor network to produce a low-level voltage, which in 
turn is amplified and filtered, resulting in a clean signal 
suitable for collection at the analogue-to-digital converter of 
the DAQCard-700. 
All manifold tubing is 0.75 mm i.d. PTFE tubing (Fisher 
Scientific, Loughborough, UK), except peristaltic pump 
tubing which is flow-rated PVC (Elkay. Basingstoke, UK). 
Preconcentration. matrix elimination, and sample buffer 
cleanup was performed using in-line microcolumns (23) 
containing 8-hydroxyquinoline (8H(3) immobilized on a vinyl 
copolymer resin, synthesized according to a modified version 
of Landing et al. {40). 
Shipboard Field Trials and Sampling. Shipboard trials 
were conducted during expedition ANT XlII /1 (September 
29-October 23, 2000) aboard PS Polarstem. A north-south 
transect of the Adantic Ocean was undertaken during the 
cruise from Bremerhaven (Germany) to Cape Town (South 
Africa). The regions of the open Atlantic Ocean covered during 
this voyage receive trace metal inputs dominated In the 
tropics and subtroplcs by wet and dry atmospheric deposi-
tion, predominantly due to episodic. long-range transport 
of Saharan dust, and precipitation through the migrating 
Inter-Tropical Convergence Zone. Moreover, high daytime 
irradiance levels experienced through large sections of this 
transect meant that this was an interesting area in which to 
study the possible effects of photochemistry on Iron redox 
speciation. 
A further shipboard trial was conducted in a contrasting 
environment aboard RSV >lurora Australis as part of the 
CLIVAR SR3 expedition in the Southern Ocean south of 
Australia (October 28-December 12. 2001). Cold seawater 
temperatures and low HiOz concentrations may lead to 
extended iron(II) oxidation half-lives in these waters {12). 
During the return voyage to Hobart (Australia) a n o r t h -
south transect was undertaken across a filament of the Sub-
Antarctic Front (SAF). In contrast to the open Atlantic Ocean, 
this is an area of extremely low atmospheric Iron deposition 
and extended daylight periods, although irradiance levels 
are variable due to persistent cloudy skies, even during the 
austral summer. 
Continuous underway sampling of surface (1—2 m) 
seawater was performed using a towed torpedo-shaped fish 
Oeft-hand side of Figure 1) deployed off the crane arm of a 
hydrographic vrinch at a distance of '^5 m from the ship's 
starboard side {32. 4f). For the AUantic Ocean survey, 
seawater was pumped on-board using a variable speed high 
volume peristalUc pump (model 7591-00. Cole Palmer 
Instrument Co.). fitted with silicone pump tubing and filtered 
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FIGURE 1. Schematic of the flow design used for the online determination of iron(IO in surface seawater. The left-hand side shows the 
in situ torpedo Tish, high volume pumping and nitration system, while the rigtit-hand side shows the components and tubing within the 
Fl manifold. Pump A delivers a continuous stream of surface seawater and CL reagents, pump B delivers sample solution and sample 
buffer, and pump C delivers UHP water and acid wash solutions. Seawater from the USW carrier reserve is not preconcentrated onto 
the BHQ column and is simply used to prevent air entering the holding loop wtien sample solution is drawn up by pump B. The holding 
loop consisu of 5 m of 0.75 mm i.d. PTFE tubing. VI and V2 are solenoid switching vahres, I I and 12 are 6-port, 2-way injection vah/es. 
Boxes shown as dotted lines indicate the solution is sealed from the atmosphere within double zip-lock bags. 
through a Sartobran-P polypropylene cartridge unit with a 
0.2 / im cellulose acetate filter membrane (Sartorius Ltd., 
Epsom. UK). For the Southern Ocean survey, seawater was 
pumped on-board using a pneumatic PVDF double-
diaphragm pump (model P.025. Wilden) and filtered through 
a Whatman Polycap (model I50TC) filter with 0.2 //m 
polysethersulfonefilter membrane. Water from the sampling 
tubing entered a clean container laboratory positioned on 
the ship's aft deck, passed through a flow regulator, and was 
split into two channels. Seawater from one line was fed 
directly to the FI-CL lron(10 analyzer (Figure I) , while the 
other line provided a collection point for discrete samples 
which were later analyzed for dissolved lron(Il+IlI) by Fl-
CL 
Elevated signals were observed for the first few (2-3) 
sample Injections of each automated run of the iron(II) 
analyzer. This phenomenon was believed to be due to either 
low level contamination from the Chemlnert Injection valves 
or photoreducUon of iron bi seawater sittbig In the transpar-
ent PTFE flow lines contained within the laboratory van. 
Thus data from the Initial peaks for each run are not 
considered. The timing of each sample Injection was 
determined by back calculation from the time (in UTC. 
Coordinated Universal Time) each data file was written to 
disk, and this time was adjusted for lag time delays due to 
surface water pumping and analysis (5.5 min on the Atlantic 
Ocean survey. 13.0 min on the Southern Ocean survey). The 
iron(l 0 concentration data were then merged with the ship's 
position and underway surface water parameters recorded 
on the ship s data logger system. 
Reagents and Standards. Reagents were prepared as 
described previously (23. 42) for the determination of "total" 
dissolved iron (II+IIf)-Oiie liter volumes of buffered lumlnol 
reagent and HCl eluent were prepared In order to allow 
continuous determination of ironOO species over a > ID h 
period. Low-level iron Impurities In these reagents contrib-
uted to the detector baseline, which was above the back-
ground PMT noise level recorded In the absence of reagent 
flow. Blank correction was performed by subtracting the 
signal tfiat was generated due to one load and elution cycle, 
without seawater sample present (I.e. sample buffer load 
plus ultrahigh purity (UHP) water rinse). To obtain this blank 
measurement, the sample line was stopped at the *Y -piece 
(to the right of pump B in Figure 1) and the associated pump 
tubing disconnected. A I s load can be used to differentiate 
the blank contribution from the 8HQ microcolumn and the 
switching of the injection valve, which were not negligible, 
from the reagent (sample buffer plus UHP water) contribu-
tion. 
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System calibration was performed as follows: low-iron 
seawaier, which had been previously collecled and allowed 
10 age in die dark, was adjusted to pH 2.0 with triple quartz-
distilled hydrochloric acid (Q-HCI) and lOO/iM sodium sulfite 
added to ensure the iron in the sample was present in the 
reduced, ferrous form. Standards prepared at pH 2.0 in the 
presence of a reducing agent were necessary in order to 
prevent reoxidatlon of iron(II) which may have occurred at 
a higher pH. After a > 8 h reduction period, standard additions 
of iron(n) in the range 0-1.0 nmol L" ' were made to this 
solution and immediately introduced into the FI-CL analyzer. 
The sensitivity ofthe system to iron(II) was ascertained from 
the slope of the standard curve. 
System Operation. Prior to use. the PTFE flow lines, 
fittings, connectors and 8HQ microcolumns of the FI 
manifold were cleaned with 0.5 M Q-HCl and UHP water for 
> 8 h. The system was calibrated at the start and end of each 
batch of reagents and also after any change in sensitivity 
(e.g. after change in temperature). Forsample analysis, filtered 
(0.2/im) ambient pH seawaier was continually pumped from 
the towed torpedo fish into a 5 m (2.2 mL) holding loop 
(Figure 1) contained within injection valve I I , If air bubbles 
form in the holding loop (e.g. due to the degassing that may 
occur when very cold seawater enters a warm container 
laboratory) (37). the injection valve I I can be replaced by a 
polyethylene bottle or PTFE debubbling vial that temporarily 
stores a small volume (e.g. 2 mL) of seawater pumped from 
the tow-fish for subsequent subsampling using a PTFE tube 
from the FI system. On switching 11 to the elute position. 1.6 
mL of sample was drawn Into the FI manifold where it was 
buffered in-line to pH 5.5 on passing through a 0.57 m (250 
fiL) mixing coil. The iron(II) in the buffered sample was 
preconcentrated and separated from the seawater matrix as 
it passed for 1 mln over the 8HQ microcolumn contained 
within injection valve 12 (see Method Chemistry below). A 
distribution valve allows the system to be switched from 
sample analysis mode to calibration mode whereby up to 9 
fiow lines may be fed to spiked standard solutions. During 
calibration, seawater from the fish is continually pumped 
through the holding loop in injection valve I I and to waste. 
One complete analytical cycle was completed within 3 
min. During this time, injection valve 11 was returned to the 
load position and seawater continually pumped through the 
holding loop ready for the next sample load. Using one batch 
of reagents, two blank measurements (in triplicate), two 
calibration curves (seawater standard plus two additions, in 
triplicate), and up to 8 h (160 peaks) of continuous online 
determination of 8HQ-reactive iron(II) can be performed. 
With a sampling and analysis sequence taking place every 
3 min. a measurement is made every 0.9 km of the ship's 
track if the cruising speed is -10 knots (18 km h"*). 
Results and Discussion 
Analytical Performance. Instrumental drift was monitored 
during die Atlantic Ocean shipboard trials by regularly 
measuring the CL background emission and background 
peak-to-peak noise, blank signals, and calibration slopes. 
Sensitivity variations may result from temperature fluctua-
tions (affecting both the PMT detector and CL chemistry), 
difTerences in reagent composition between batches, reagent 
aging, and degradation of pump tubing (affecting flow rates). 
The effect of temperature on the CL background noise and 
analytesignal generated uslnga 2.0 nmol L" ' iron(11) standard 
prepared in UHP water with the FI system in direct injection 
mtxle (i.e. 8HQ microcolumn removed; see Method chemistry 
below) was studied over a 24 h period. No significant changes 
in CL background noise (< 2% drift, one measurement made 
each second, n > 80 000) or analyte signal (<6%. 86 ± 5 mV, 
n = 36) were observed, despite a 5.5 X change in laboratory 
temperature. However, to minimize the risk of possible 
changes in sensitivity with temperature, the complete system 
was housed in an air conditioned clean air laboratory 
container. 
A switched gain amplifier (gain on the PMT anode current) 
contcuned within the PMT interface provided four settings. 
X100. X 1000, X 2000. and x 5000. which were selectable by 
(he control Wsoftware. Signal-to-noise ratio was proportional 
(o gain, and therefore the highest gain setting (x5000) was 
used for most open-ocean applications. A lower PMT gain 
setting can be used for the higher concentration ranges 
expected in coastal and estuarine waters. 
The sensitivity of the system was evaluated by comparing 
the slopes of calibration curves for standards prepared in 
low iron seawater (LISW), collected from the Southern Ocean 
Iron RElease Experiment (SOI REE) site (61 "S I ^O^E) at a depth 
of approximately 500 m {41). Standard additions of 0.2. 0.4. 
0.6, 0.8, and 1.0 nmol L" ' Iron(II) were made. System 
sensitivity varied < 5% on a single day (800 ± 40 mV per nmol 
L~'. = 0.998) but varied up to 10% between days (typically 
775 ± 73 mV per nmol L" ' , = 0.995). The precision for the 
standard addition solutions was in the range 0.9-6.2% RSD 
(n = 4). The Iron(ll) blank was typically 24 ± 4 pmol 1"' (n 
= 4). resulting in a limit of detection of 12 pmol L" ' (defined 
as three times the standard deviation of the blank). 
Method Chemistry. In-line adjustment of sample pH was 
necessary to ensure optimum preconcentration of iron(IO 
species onto the 8HQ resin, while minimizing the effect of 
any interfering species which bind to 8HQ at higher pH (e.g. 
Mn) (3/). Many other species are also known to catalyze the 
luminol reaction in the absence of selective analyte extraction 
and preconcentration {43}. As such, these iron(II) measure-
ments represent the operationally defined fraction that is 
extracted onto an 8HQ microcolumn after short (I min) in-
line buffering of sample to pH 5.5. These iron(II) measure-
ments are hereafter referred to as 8HQ-reactive ironOO. 
recognizing that the iron(ll) oxidation rate will be retarded 
and stability enhanced at lower pH (7. 5). Ideally. fronOO 
measurements should follow a sampling and pretreatment 
protocol that maintains speciation integrity as closely as 
possible. 
The iron (II) detected using this approach is not an artefact 
of the analytical method. Since the residence time of the 
sample in the 8HQ microcolumn is short (<1.7 s), no 
significant reduction of ironOII) was observed in aged, filtered 
Southern Ocean seawater solutions spiked with up to 5.0 
nmol L~' iron(IIO (<7% of analyte signal obtained for 
equimolar spiked iron(II) standards). Direct injection Iron-
(10 measurements without the preconcentration protocol 
(and hence not operationally defined) are also possible by 
removing the 8HQ microcolumn and sample buffer line. To 
achieve this, the 8HQ column within injection valve 12 is 
replaced with a sample loop (typically 100-150//L). UHP 
water Is used as carrier Instead of an HCI eluent stream, and 
the column wash step (see Figure 1) Is eliminated. In this 
manifold. Injection valve 11 Is not required, as seawater is 
fed dlrecdy to the loop within valve 12. The detection limit 
of this method is an order of magnitude higher than with the 
8HQ column manifold (-0.2 nmol L"') and thus unsuitable 
for open-ocean iron (10 measurements where dissolved Iron-
(II+IIO concentrations are extremely low (<0.1 nmol L"') . 
However, this no-preconcentration version of the lron(II) 
system Is particularly useful as a tracer for rapid underway 
mapping during Iron fertilization experiments (e.g. SOIREE) 
(3). although it is Important that the protocols described 
above are followed when determining the analytical blank. 
Any small positive matrix interference f rom Co(IO {23) can 
be removed by adding dimethylglyoxlme (20 ; jM ) to the 
luminol stream. 
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Shipboard Trials. Atlantic Ocean Survey. Shipboard 
calibrations were performed at (he beginning and end of 
each reagent batch (10 h periods). Figure 2 shows a typical 
set of peaks and corresponding standard curve for the blank 
solution and calibration standards prepared in LISW, with 
0.2.0.4.0.6.0.8. and 1.0 nmol L " ' additions of ironOl). Four 
replicates of each solution were made. The CL background 
noise showed good stability and reproducibility between 
replicate {n = 4) injections was typically <3%. 
Figure 3 shows the results from the continuous deter-
mination oflron(10 in surface waters of the southeast Atlantic 
Ocean during one 10 h day-night period. Concurrent sea-
surface temperature, salinity, and Incident solar radiation 
are also shown. The online system was calibrated prior to 
switching to fully automated mode at 12:40 UTC on October 
20. 2000. Continuous analyses were conducted until 22:34. 
except between 17:33 and 18:03 when a flow problem through 
the rUtration cartridge needed to be rectified. The ship 
transited between 23" 1T S. S^ SQ- E and 24'»48' S. 9^59' E during 
the trial. During daylight hours. light cloud cover was present. 
Dusk occurred between 17:45-18:15 UTC. Subsamples were 
also taken hourly from the online system during the trial. 
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acidified, reduced (O.OI M Q-HCl. 100 fiM NajSOa). and 
analyzed at sea by FI-CL for dissolved iron(II-l-IIl) (23). 
The results (Figure 3) for 8HQ-reactive iron(Il) showed 
concentrations in the subtropical, oligotrophic Atlantic Ocean 
ranglngfrom below the detection limit (< 12 pmol L"') during 
darkness up to 45 pmol L~i at 12:50 UTC. at which time the 
solar intensity was close to the maximum experienced during 
the t r ia l TTie concentration of dissolved iron(ll-i-lll) in surface 
waters generally Increased during the survey, but was low 
compared to other data (4) for the Atlantic Ocean (164 ± 35 
pmol L- ' . n = 10). DissoKred iron(II) or ironOI+HI) distribu-
tions are not correlated with subtle changes in temperature 
and salinity. Interestingly, the iron(II) to iron (I I-i-111) ratio 
decreased steadily from 37% at 13:05 to 3% at 21:07. 
suggesting that the lron(II) concentration was Independent 
of changes in water mass. These data are consistent with 
eariier work that suggests photochemical reduction of iron-
(ni) to be the dominant mechanism for IronOO production 
in the Southern Ocean (12). offshore waters of Peru (14). and 
northern Australian shelf waters (44). Our data also suppori 
previous results demonstradng diurnal cycling between total 
"reducible" (dlssoh^ed/bioavaliable) and "nondeteciable" 
(colloidal/particulate) Iron concentrations in natural seawater 
incubations spiked with added iron (10). The reduction of 
iron(III) to transient ironOO species, either photochemically 
or involving marine microorganisms, may increase the 
solubility emd bioavailability of Iron in seawater. 
Southern Ocean Survey. A short (5 h) trial was also 
undertaken in the Australian sector of the Southern Ocean 
between 50*'92' S. 143" 38' E and 51 "25' S. 143''03' E. in the 
Sub-Antarctic Front (SAF). The objective here was to dem-
onstrate the generic capability of the instrumentation by 
deploying it in a contrasting marine environment. Iron(II) 
was measured from 21.00 on December 10. 2001 to 05.00 
UTC on December 11, 2001 Oocal daytime) during austral 
summer. Conditions were partly overcast. Calibration stan-
dards were prepared as described above, and three replicates 
of each solution were made. The mean detection limit from 
daily shipboard calibrations was 8.7 pmol L~', and repro-
ducibility between replicate {n = 3) blank injections was RSD 
<7.6%. A debubbler polyethylene subsampllng bottle re-
placed injection valve I I during this survey, as described In 
System Operation. Unfortunately, there are several short 
periods where no data were recorded. This was due to a 
problem with the continuous supply of surface water from 
the tow-fish, which was a deployed in increasingly rough 
seas. 
The results (Figure 4) show concentrations ranging from 
below the detection limit up to 29 pmol L" ' for 8HQ-reactlve 
iron(10- Dissolved iron(II-i-III) concentrations generally 
increased during the transect from 99 pmol L~> at 22:06 to 
257 pmol L - ' at 03:03 UTC, although total dissolvable Iron 
(I.e. unTdtered and acidified. TDFe) levels (not shown) were 
fairly constant (399 ± 33 pmol L~'. n = 16). These data are 
consistent with the low surface dissolved u-on concentrations 
(0.1 —0.2 nmol L~') observed in previous s tudls of this region 
(45. 46). In the period 00:40 to 03:10. a significant shift in 
temperature (1.0 *C) and salinity (0.2 units) was observed, 
suggesting the intrusion of a different water mass, although 
this resulted in no clear trend in ironflO. dissolved iron-
VOL 35, NO. 21. 2002 / ENVIRONMENTAL SCIENCE & TECHNOLOGY • 4 0 0 5 
(II+III) orTDFe concentrations. The iron(II) to iron(II+in) 
ratio was variable and ranged from 4 to 13%. The Southern 
Ocean 8HQ-reactlve Iron(II) concentrations are also in the 
same range as the southeast Atlantic data, but are closer to 
the detection limit, have greater temporal variation, and are 
out of phase with the variable solar irradlance profile, 
suggesting that photochemically mediated reduction of iron-
(IM) to iron(U) was not dominant. Earlier work by O Sulllvan 
et al. {9) showed that ironOO concentrations may be highest 
in the early morning and lower in the late afternoon, due to 
(he photochemical production of significant steady-state 
concentrations of transient oxidants of iron(II). such as HiOz. 
Unfortunately, we have no iron(U) data during the night-
time period for comparison in this region. 
Ourcontrasting Atlantic and Southern Ocean observations 
highlight the need for further shipboard studies on the cycling 
of iron(II) at ambient surface ocean concentrations. Such 
surveys should examine changes in iron(n) concentrations 
through complete 24 h periods in vrarm. temperate, and polar 
oceans and shou Id address which processes (e.g. photoredox, 
thermal, microbial) are necessary for the transient production 
of iron(IO. The FI-CL instrument reported here would 
facilitate the high resolution, ultratrace level investigations 
necessary to address these important questions. 
Other Applications. The shipboard FI-CL instrument 
described here is a low cost, portable, rugged system suitable 
for online determination of ironOO In surface marine waters. 
Moreover, the generic nature of system components and 
graphical programming software make it easily adaptable to 
other CL-detectable analyies (e.g. Co, Cu. Mn, H2O2). The 
performance and reliability of the instrument and the 
analytical figures of merit are sufficient to allow iron(IO to 
be determined at picomolar concentrations in real-time over 
long (>10 h) periods, without user intervention. 
In open-ocean environments, iron(I I) measurements and 
observations of iron redox cycling are inherently difTlcult 
due to the extremely low dissolved iron(II+nO concentra-
tions, but our preliminary results show that the FI-CL 
approach can provide acceptable high resolution data in such 
settings. This instrument would also be particularly useful 
for examining subtle changes in iron redox chemistry during 
in situ iron fertilization experiments or In coastal and 
freshwater environments where dissolved IronOI+UO con-
centrations are significantly higher. The system could also 
be used for monitoring biologically mediated redox cycling 
and uptake of iron(n) In laboratory culture experiments, 
deckboard Incubations, or chemostats. Further development 
Is planned to adapt the manifold for concurrent online 
determination of "total" dissolved iron(II+IIO. after an in-
line HCI acidification and NazSOa reduction step. 
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Abstract 
A flow-injcction method is reported for the determination of iron(ll) in acidified seawater (pH 3.0) based on selective 
chcmilumincsccncc detection using the luminol reaction with no added oxidant and no preconcentration column. The limit of 
detection (3 x standard deviation o f the blank) was 0.1 nM and the time between injection and detection was 12 s. The calibration 
graph was linear (r^ = 0.993, n = 5) over the range 2 - 10 nM with relative standard deviations (n 4) in the range 1.0 - 3.7%. 
Analysis o f a coastal water certified reference material (CASS-3) for iron(ll), af^cr reduction of iron(l l l ) with sodium sulphite, gave 
good results (18.5 ± 5.2 nM compared with the certificate value o f 22.56 ± 3.04 nM). 
Keywords Flow injection, iron(II), total iron, chemiluminescence, seawater. 
1. Introduction 
Iron is an important element in biogeochemical processes. It 
is an essential micronutrient for living organisms and plays a key 
role in oceanic plankton productivity. Iron also has a regulatory 
role in micro-organisms as an inhibitor and promoter o f citrate 
and antibiotic syntheses respectively [ 1 , 2]. 
Despite the high abundance o f iron in the earth's crust (5.6%) 
its concentration in coastal waters is usually in the nM range 
(e.g. 0.4 - 28 nM in the North Sea) and is typically very low in 
open ocean environments (0.05 - 2 nM) [3] . In areas such as the 
Southem Ocean iron limits phytoplankton growth [4] and this 
has important implications for the air - sea exchange o f carbon 
dioxide [5]. The speciation of iron in aquatic systems is very 
important for biogeochemical studies because o f the influence o f 
its chemical form on bioavailability, mobility and toxicological 
properties [6 - 8]. 
Flow-injcction with chemiluminescence detection (FI-CL) 
has been widely used for the determination of trace metals in 
environmental, pharmaceutical, clinical, biochemical, food and 
beverage samples at very low (nM) concentrations [9 - 12]. 
Major advantages of FI-CL methods include robustness, nb 
portability and low cost o f the instrumentation, rapid analysis, 
low contamination risk, low (nM) detection limits and excellent 
sensitivity. 
A number o f FI-CL methods have been reported for 
dissolved iron species in seawater. EIrod et al. [13] and Hirata et 
al. [14] utilised the iron(II>speciric reagent brilliant sulfoflavin 
(4-amino-A^-/?-tolyl)-naphlhaIimide-3-sulfonate) to determine 
iron(II). EIrod et al. preconcentrated iron on an 8-HQ 
microcolumn whilst Hirata et al. used an Amberlite XAD-4 resin 
functionalised with A'-hydroxyethylenediamine (HEED). Total 
dissolved iron was measured by adding a reducing agent 
(ascorbic acid [13] or hydroxylammonium chloride [14]) to 
samples prior to analysis. 
Luminol, (5-amino-2,3-dihydro-l,4-phthalazinedione) which 
is catalytically oxidised by iron to on excited state 3-
aminophthalalc di-anion, has also been widely used. The type o f 
oxidant used with luminol influences which redox species o f iron 
catalyses the reaction. Obata et al. [15, 16] used hydrogen 
peroxide as on added oxidant to determine iron(l l l ) . Samples 
were acidified to pH 3.0 and iron(III) was selectively 
preconcentrated on an 8-HQ column before detection. 
Determination o f iron(II) required initial removal o f iron(III) 
from the sample using this column and increasing sample pH to 
6 in order to preconcentrate iron(II). Powell el al. [17] and 
Bowie et al. [18] utilised the oxidation o f luminol by dissolved 
oxygen present in the reagents to selectively determine iron(II). 
Iron(III) was reduced to iron(ll) using sulphite and then 
preconcentrated on-line using an 8-HQ microcolumn before 
measurement of total dissolvable iron in unfiltered samples. 
O'Sullivan et al. [19] also utilised this reaction with a stopped 
flow technique without preconcentration. Luminol 
chemilumincscence reactions offer the lowest detection limits for 
iron in seawater. 
In the present study, we describe a FI-CL method for the 
rapid and selective determination of Fe(II) in acidified seawater 
by its catalytic effect on the oxidation o f luminol in the absence 
of added oxidant and without a preconcentration column. The 
manifold used is similar to previously reported methods [20, 21] 
but uses a seawatcr carrier stream (rather than 0.7 M NaCl al pH 
7.0 [20] or ultra-pure water [21]). Manifold parameters have 
been optimised, several buffers have been investigated and the 
method applied to the determination o f Fe(II) in a coastal 
seawater certified reference material. 
2. Experimental 
2.1. Materials and Methods 
All plaslicware used during the experiments and for storage 
of reagents and standards was cleaned with 50% HCI for 48 h, 
thoroughly rinsed with ultra high purity (UHP) deioniscd water 
(18.2 MO cm ', Elgastat, Maxima, England) and stored in rc-
sealable plastic bags to prevent contamination. A l l reagents and 
standards were o f analytical grade (supplied by VWR unless 
.stated otherwise), were prepared in UHP water and further 
diluted immediately prior to use. Low nutrient scawater (LNS, 
salinity 35) was obtained from Ocean Scientific International, 
Wormley, England and used as received for the optimisation and 
interference studies. For the calibration and accuracy 
experiments LNS was prc-cleaned to reduce trace metal 
contamination as described in section 3.3. 
An iron(ll) slock solution (0.01 M ) was prepared by 
dissolving 0.196 g o f Fc(NH4)2(S04)2.6H20 in 50 mL of HCI 
(0.01 M , p i^ared every 15 days). The standards were prepared 
daily in LNS adjusted to pH 3.0 to prevent oxidation o f Fc(ll). 
Standard solutions o f Mn( l l ) , Cu(ll) , Ni(II) , Zn(l l) , Pb(II), Co(II) 
and Cr(in) were prepared from atomic absorption standards 
(Spectrosol, BDH, England) in LNS (pH 3.0). Iron(lll) standard 
was prepared directly from NH4Fe(S04)2.12H20. 
Luminol stock solution (0.01 M ) was prepared by dissolving 
0.089 g of luminol (5-aniino-2, 3-dihydro-1, 4-phihal-zinedione, 
Fluka) in 50 mL of borate buffer followed by sonicating for 30 
min. A worlting luminol solution (1 x 10"^  M) was prepared by 
diluting 10.0 mL o f the stock solution in 100 mL of borate buffer 
(O.I M) and adjusting to pH 10.4 with sodium hydroxide (2 M). 
The following buffer solutions were used for luminol solution 
preparation; NH5/NH4. Tris/NaOH, carbon a te/NaOH and 
borate/NaOH (all 0.1 M , pH 10.5). 
2.2. Instrumentation and Procedures 
The FI-CL manifold used for the determination of Fe(H) is 
shown in Fig. I . A 4 channel peristaltic pump (Minipuls 3, 
Gilson, France) was used to propel the sample carrier and 
reagent solutions at a f low rate o f 2.0 tnL min '. A rotary 
injection valve (Rheodyne 5020. UK, 270 nL sample loop) was 
used to inject Fe(II) standards into the LNS (pH 8.0) stream and 
was merged al a T-piece with the CL reagmt stream. The 
merged streams travelled 3.0 cm before passing through a quartz 
glass spiral flow cell (1.1 mm i.d., 130 pL internal volume) 
placed direcdy in front o f an end window photomultiplier tube 
(PMT, Thorn EMI, 9798QA). Aluminium foi l was placed behind 
the coil to reflect light onto the photo-cathode. The PMT, glass 
coil and T-piece were enclosed in a light tight housing [18]. The 
PMT was attached to a 1 kV power supply (Thorn EMI, 
PM20NS, England) and an integral amplifier was powered from 
an independent 15 V power supply (BBH Power Products, 
England). The detector output was recorded using a chart 
recorder (Kipp & Zonen, Delfl , The Netherlands). 
Sample in LNS 
(pH 3 0.270 ut) 
LNS (pH 8.0] 
Lumbnl 
Prareisup(*y 
Recortto 
Fig. 1. Flow injection with chemiluminescence detection (Fl-CL) 
manifold for the determination of Fe(II). 
3. Results and Discussion 
3.1. Optimisation of FI manifold 
In order to establish optimum conditions for the 
determination o f Fe(II), various parameters were investigated 
including buffer concentrations and pH, reagent concentrations, 
sample volume, reagent flow rates and photomultiplier voUage. 
Al l these studies were perfonned using a 100 nM Fe(II) 
standard. A univariate strategy was deliberately adopted in order 
to understand the effect of each variable on the reaction 
chemistry and the system response. 
The efficiency of luminol chcmiluminescence is particulaHy 
dependent on reaction conditions. In the proposed FI-CL system, 
different bufl'ers were investigated (NH3/NH4, Tris/NaOH, 
carbonaleWaOH and borate/NaOH; 0.1 M , pH 10.5). The CL 
responses for 100 nM Fe(ll) using these buffers were 5.0, 15.0, 
20.0 and 350 mV (n =4) respectively. LNS formed a precipitate 
with the carbonate buffer and CL signals were irreproducible 
with an unsteady baseline. The CL responses were very small 
when using ammonia and Tris-HCl buffers and maximum CL 
response was obtained with borate bufTer. The optimum pH for 
the luminol reaction with borate buffer was therefore 
investigated in the range 9.8 - 10.8. Maximum CL emission was 
observed at pH 10.4, as shown in Fig. 2, and was therefore used 
for all subsequent studies. 
Fig. 2. Effect o f borate bufTer pH on die peak response o f die 
luminol CL reaction. 
The effect o f the luminol concentration was then studied 
over the range IxlO'^ - 1x10"*^  M using the optimised buffer 
conditions. As shown in Fig. 3, the CL response increased up to 
1x10"^ M luminol (used in all subsequent experiments), above 
which the response decreased due to photon quenching. 
Variation in reagent sensitivity was observed over lime as the 
luminol solution aged, as found by odier woricers [20], and 
therefore it was always prepared 24 h before use. 
Fig. 3. Effect of luminol concentration on the dclerminalion of 
Fe(n). 
I 250 
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3.2. Interferences 
The effect o f foreign metal ions on the detemiination o f 
Fc(ll) was studied by preparing standards at elevated 
concentrations (compared with typical seawater) in LNS (pH 
3.0). The results are shown in Table 2. Cr(lH), Ni(II) , Pb(ll) and 
Zn( l l ) had negligible effect, Cu(Il) and Mn( l l ) hod a small 
suppressive effect (similar to that reported previously by 
O'Sullivan el al. [19]) and Fe<lll) and Co(l l ) had a small positive 
effect, However, the maximum Co(ll) concentration in open sea 
waters typically range between 100 - 300 pM [22]. I f necessary, 
Fe(lll) and Co(ll) can be masked by adding desferrioxamine B 
(1.0 p M , in UHP water) [14] and dimclhylglyoxime (100 p M in 
methanol) [ 18], respectively, to the luminol stream. 
Table 2. Effect o f foreign ions on the CL peak response for the 
detemiinaiion o f Fc(ll). 
The effect o f flow rate of the carrier and reagent streams 
was studied over the range 1.0-3.0 mL min' ' in terms of CL 
response, speed of analysis and reagent consumption (it is 
important to match the flow rates of the two streams for 
maximum efficiency). At a flow rate of 2.0 m L min"' (used for 
all subsequent experiments), maximum CL intensity was 
observed with a steady base line and reproducible peak heights 
(Table 1). The effect of the sample volume on CL response was 
studied in the range of 45 - 450 pL. Maximum CL response was 
obtained at 270 pL (Table 1) and was selected for all subsequent 
experiments. 
The effect of LNS pH on the determination of ?c{\\) was 
investigated in the range 1.0- 5.0. There was an increase in CL 
intensity up to pH 3.0 but a higher pH decreased the CL intensity 
(Table 1). Therefore, LNS at pH 3,0 was used for the preparation 
of all Fe(II) standard solutions to prevent oxidation of iron(ll). 
The eiTcct of PMT voltage over the range 900 - 1300 V was 
optimised for maximum CL signal-to-noise (Table 1). CL 
response increased linearly with PMT voltage but 1050 V was 
used for all subsequent studies because it gave the best signal-to-
noise ratio. 
Table 1. Effect of various parameters on the CL peak response 
for the determination o f 100 nM Fe(II). For each parameter the 
optimised conditions for all other parameters were used, i.e. flow 
rate 2.0 mL/min; sample volume 270 pL; PMT voltage 1050 V; 
LNS pH 3.0. 
Flow Rate (mL/min) 1.0 1.5 2.0 2.5 3.0 
CL signal (mV)* 300 450 760 755 750 
Sample volume (pL) 90 180 270 360 450 
CL signal (mV)* 250 460 510 500 500 
PMT voltage (V) 900 1000 1100 1200 1300 
CL signal (mV)* 32 90 250 580 1400 
LNS pH 1.0 2.0 3.0 4.0 5.0 
CL signal (mV)* 390 410 450 430 400 
• Mean o f four injections 
Metal ion Concentration CL signal Cone. CL signal 
(nM) (mV)* (nM) (mV)* 
LNS — 6.0 ± 1.0 — 6.0 ± 1.0 
Fc(II) 10 24 ± 2.2 10 24 ± 2.2 
Fe(III) 10 7.5 ± 1.4 100 9.2 ± 1.3 
Col l ) 100 7.8 ± 1.2 1000 9.5 ± 1.5 
Cu(ll) 100 4.6 ± 1.5 1000 3.2 ± 1.3 
Mn( l l ) 100 3.8 ± 1.0 1000 2.4 ± 0.8 
Cr<lll) 100 6.8 ± 1.0 1000 7.0 ± 1.2 
Ni(II) 100 6.4 ± 1.1 1000 6.8 ± 1.0 
Pb(II) 100 6.6 ± 1.0 1000 6 . 6 ± 1.1 
Zn(l l ) 100 6.7 ± 1.2 1000 7.0 ± 1.0 
* Mean o f four injections 
3.3. Calibration 
To obtain the analytical blank for the calibration graph, LNS 
(pH 5.0), was first passed through a pre-cleaned 8-
hydoxyquinoline column {8-HQ, 2.5 mm x 3.0 cm, washed with 
HCl (0.5 M ) for 24 h , followed by a UHP water rinse) [18] at a 
flow rate of 0.3 mL min' ' . Thereafter, the LNS vras adjusted to 
pH 3.0 with HCl (2.0 M ) and used as a blank for the proposed 
FI-CL system. The blank signal was reduced by approximately 
50% compared with the signal from untreated LNS at pH 3.0. 
This residual blank signal is due to (i) release of complexed iron 
from the seawater matrix on adjusting the pH o f the LNS down 
to 3.0 and ( i i ) the pH gradient al the sample/carrier stream 
interface. 
Using the optimum conditions described above, the 
calibration data o f CL response versus Fe(II) concentration over 
the range 2.0 - 10 nM is shown in Table 3. The correlation 
coefficient was 0.993 (n=5) and the regression equation was y = 
2.65x - 2.10 [y = CL response (mV), x = concentration (nM)]. 
The relative standard deviation o f ihc method was 1.0 - 3.7% 
(n=4) over the range studied. The limit o f detection (3 x standard 
deviation o f the blank) was 0.1 nM Fe(II). The time between 
injection and detection with the optimised system was 12 s, 
which makes the method suitable for high resolution in situ 
monitoring o f Fe(II) in marine waters. 
Table 3. Calibration data (blank value 3.0 m V ; al l data are 
blank subtracted). 
Iron Standards (nM) 2.0 4.0 6.0 8.0 10.0 
CL intensity (mV)* 4.0 8.0 13.0 19.0 25.0 
RSD(%) 3.7 2.7 3.7 1.0 1.3 
* Mean o f four injections 
3.5. Accuracy 
The accuracy o f the proposed method was ascertained by 
analysing CASS-3 (Coastal Atlantic Surface Seawatcr) certified 
sea water obtained from the National Research Council of 
Canada (Marine Analytical Chemistry Standards Program). This 
solution was analysed using the proposed FI-CL system afler 
addition o f a 100 p M solution of high purity sodium sulphite for 
4 h at room temperature (20 °C) and pH 3.0 to reduce Fe(lll) 
into Fe(ll). A value o f 18.5 ± 5.2 nM was obtained for Fe(II) 
which is in good agreement with the certified value of 22.56 ± 
3.04 nM. CASS-3 was also analysed without the reduction step 
and gave a result o f 16.8 ± 4.5 nM Fc(U) which shows that the 
majority o f the iron in the CRM is in the reduced Fc(ll) form. 
4. Conclusions 
This manual FI-CL method is simple and rapid, with an 
analysis time o f 12 s and a limit of detection of 0.1 nM for Fe(II) 
in acidified seawater. The method is based on enhancement of 
the luminol C L reaction with no added oxidant and does not 
need a prcconcentration / matrix removal column. 
The method was validated by quantifying total dissolved iron 
(Fe(U) +Fe(lll)) in a certified reference coastal seawater (CASS-
3) after reduction with sulphite. The result, 18.5 ± 5.2 nM, was 
in good agreement with the certified value 22.56 ± 3.04 nM. The 
speciation of iron in CASS-3 was over 90 % in the Fe(ll) form. 
This method could therefore be used to examine iron speciation 
in stored, acidified samples as an aid to understanding the 
mechanisms o f iron release from dissolved, colloidal and 
particulate material. 
This mediod also has die potential to be used for real time 
Fe(U) monitoring in the field using natural seawater at ambient 
pH OS the carrier stream. The use o f a matrix matched carrier 
stream (afler Fe(II) removal) should minimise analytical 
artefacts caused by mixing gradients at the sample/carrier stream 
interface. 
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